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SUMMARY
1.
The present study represents an investigation of the effect of 
thiourea, and molecularly related compounds, on the anodic behaviour of nickel 
in chloride solutions which were either O^-free or in equilibrium with in the 
atmosphere.
The results have been presented in the form of E ^ /i plots and Tafel 
relationships, and it has been shown that the action of thiourea at a nickel anode 
is concentration dependent. A mechanism has been suggested to explain the effects 
of thiourea concentration in terms of thiourea adsorption by the nickel electrode, 
and further experiments in the presence of both thiourea and hydrogen sulphide, 
and also a three stage experiment have produced results which support this theory.
A sim ilar sequence of experiments has been carried out using 
thioacetamide, and thiosenicarbazide, and almost identical results obtained.
Electron microscopy has been used in an attempt to relate the 
metallographic aspects of nickel dissolution with the electrochemical results. It 
has been shown that additions of thiourea - and molecularly related compounds - 
significantly alter the type of attack on nickel in chloride solutions, producing 
crystallographically orientated etch pits.
Although this work is directed towards a better understanding of the 
anodic behaviour of nickel, an extensive literature survey of the effects of sulphur 
containing organic compounds on the cathodic electrodeposition of nickel has 
indicated that the effects of concentration noted during the present studies are 
reflected in the effects of thiourea concentration on the properties of nickel 
electrodeposits. A comparison of these results, M a u rer's^  results, and those 
of the present work, indicates a possible grouping of thio compounds with respect 
to their effects at nickel electrodes, depending on the electron bonding and hence 
the reactivity of the sulphur atom (or atoms) in the molecule.
Some observations have been made on the mechanism of thiourea action
as an inhibitor and the reported abnormal effects of thiourea on the # scale of 
potentials have been explained in terms of the incapability of the <f> scale to 
account for strong chemisorptive links in the corroding metal/inhibitor system.
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INTRODUCTION
The use of certain organic sulphur compounds as levelling and 
brightening agents in nickel plating has been the subject of numerous scientific 
papers and patents, It is now realised however that the use of these addition 
agents results in nickel electrodeposits containing sulphur, which are less corrosion 
resistant in service than sulphur-free nickel. The form in which the sulphur is 
present in the deposit and the mechanism of the subsequent lowering of the 
activation overpotential of nickel during anodic polarisation in the presence of 
these sulphur inclusions is still open to interpretation. Detailed studies of the 
effects of organic sulphur compounds on the electrodeposition of nickel have been 
carried out and there appears to be two distinct lines of thought as to the form in 
which the organic addition agent or its decomposition products are present in the 
deposit.
The firs t postulates the adsorption of sulphur compounds at the 
electrode/solution interface, which affects cathodic polarisation and modifies 
crystal habits during electrodeposition.
The other school of thought suggests that sulphur containing addition 
agents are reduced to sulphide and included in that form.
Work by a Russian team on the effects of thiourea on the electro- 
deposition of various metals has shown that the amounts of impurities occluded 
in electrodeposits and the occlusion mechanism depends to a large extent on the 
nature of the metal concerned.
There appears to be the possibility that sulphur containing addition 
agents could be occluded as unchanged molecules during nickel electrodeposition. 
Very little  work has been done to investigate the effect of these compounds on the 
anodic behaviour of nickel, and so it was felt that further information could be 
gained by studying the anodic dissolution of pure nickel in chloride solutions 
containing an organic sulphur compound.
Thiourea was considered to be the most suitable sulphur compound as 
extensive cathodic studies of nickel have been made using this compound and
13.
because of the considerable radiometric studies of nickel electrodeposition which
35 14have been performed using this compound labelled with S and C . Many
studies have been conducted to establish the effects of thiourea as a corrosion
inhibitor in the absence of applied current, but the conclusions reached by various
workers are by no means complementary. Although a wealth of information has
been gained on the stimulation of the anodic dissolution of various nickel
electrodeposits containing sulphur derived from organic sulphur compounds, very
little  work has been carried out to determine the effects of sulphur containing
addition agents on the anodic behaviour of pure nickel.
Although electron microscopy has been extensively used to study very
fine structures obtained in nickel electrodeposition, relatively no work has been
carried out to relate the anodic behaviour of nickel in the presence of sulphur
containing compounds to the metallographic structure.
In the present work a study has been made of the effect of additions
of thiourea - and molecularly related compounds - to a 0.01 N NaCl +
0.0 IN N iC ln solution on the E_,/i and Tafel relationships for the anodic 2 ri
dissolution of spectroscopically pure nickel. In addition, surface attack during 
anodic polarisation has been studied by optical and electron microscopy.
14.
CHAPTER 1 
LITERATURE SURVEY
1.1. The General Electrochemistry of Nickel
The anodic behaviour of nickel is a subject of both theoretical and
practical importance. In the form er case, the passivity of nickel has been the
subject of numerous investigations and the use of nickel as an anode in nickel
plating and as a coating for steel makes its anodic behaviour a subject of the
greatest importance. The thermodynamics of the anodic reactions of nickel are
(2)therefore of considerable interest. Pourbaix has conveniently summarized the✓
thermodynamics of the Ni/H^O system in the form of a pH - potential diagram
(Fig. 1A). Sim ilar diagrams can also be constructed for the system M/H^O -  X,
where X is an anion e.g. C l , SO  ^ etc. However it has been shown that oxides
and hydroxides in a metastable state may considerably extend the passivity region,
and Pourbaix has suggested that the pH - potential diagram may be altered to that
shown in Fig. IB to account for this. He has adopted the criterion that the
-6corrosion zone starts when the activity of metal ions is greater than 10 g. ions/1.
According to the diagrams therefore it is apparent that nickel 
should not corrode in solutions of pH 9-12, but should be appreciably corroded in 
acid solutions (oxidising and non-oxidising), in neutral oxidising solutions and in 
very alkaline but moderately oxidising solutions. However there are many 
instances where the theoretical conclusions are not in conformity with the facts
i.e . nickel which is generally resistant to neutral waters is strongly corroded 
by dilute phosphoric and nitric acids, relatively slowly corroded in dilute 
hydrochloric and sulphuric acids, and passive in strong nitric acid.
The electrochemistry of the anodic reactions of nickel has been 
largely studied by anodic polarisation using an external source of e .m .f. whereby 
the whole of the nickel surface is an anode. This work has placed due emphasis 
on passivity of N i.
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Work by many authors has produced strong evidence for the
existance and formation of the oxides NiO or Ni(OHV and NiJ3„ on passive nickel.I  1 6
Higher order oxides have also been postulated. Although there is general
agreement that the passive film  on nickel contains nickel oxides or hydrated oxides,
the mechanism of the initial stages of passivity is not fully understood. At the
present time the major schools of thought consider that passivity may be due to
(7)
(a) oxide film  formation of a finite thickness
(b) adsorbed monolayer of oxygen due to the electronic
(8 9)configuration of the metal .
Both these suggestions have received a great deal of experimental and theoretical 
support and thus it can be seen that the nature of passivity is still controversial.
Anodic dissolution of nickel has not received as much attention as 
anodic passivation, however several papers of considerable interest have been
published^ With reference to these investigations it should be observed
that despite the general agreement existing on the overall behaviour of nickel as 
regards pH, temperature, anion concentration, no good measure of agreement 
exists on the interpretation of these results.
Piontelli and Serravalle^^ in their discussion of the kinetic aspects 
of the nickel electrode consider that the state of the metal surface is of prime 
importance and that the influence of the anion is dependent on the ability of the 
anion to interact intimately with the metal surface. Due to their preferential 
adsorption anions may also eliminate from the metal surface hydroxyl ions and 
thus prevent the formation of hydroxides or oxides. They thus explain the effect 
of the chloride ion by its ability to penetrate the layers present on a passive surface. 
Hollnagel and L an d sb erg ^ \ and Kronenberg et a l ^ \  consider that the chloride 
ion functions by a preferential adsorption mechanism and thus results in lower 
exchange current densities than a sulphate solution. A sim ilar mechanism for the 
activating action of the chloride ion has been proposed by Wesley^ ° \  Schwabe 
and Dietz consider that the reason for passivation not occurring in the presence 
of chloride ions is due to the fact that the chloride ions are strongly adsorbed
17.
and also that they possess a low activation energy for complex formation.
T u rn e r^ \ whose results were sim ilar to those of Muller^* found that 
chlorides in solution hinder passivation by raising the critical current density.
It is apparent that the influence of the chloride ions on the 
dissolution mechanism is an important factor in corrosion processes and this 
w ill be further discussed in later chapters.
In recent years the corrosion of nickel-plate had been investigated 
with particular reference to the effects of sulphur on nickel.
It is now generally agreed^1/28) tjiat presence of sulphur in
nickel-plate lowers the corrosion resistance, and it is generally considered that 
bright nickel is more reactive than semi-bright nickel, which in turn is more 
reactive than dull sulphur-free nickel. The increased reactivity of the nickel 
electrodeposits has normally been associated with increasing sulphur contents in 
the deposits. The industrial importance of this fact has promoted investigations 
into ways of stopping the corrosion of the bright nickel deposit under chromium 
coatings, and thus attention has been drawn to thicker coatings, duplex nickel 
coatings, and thicker crack free chromium coatings^9/32)^
In evaluating the corrosion resistance of these various coatings the
practical investigator uses methods such as Corrodokote, CASS, Kestemich and 
(33/36)exposure tests . Despite the differences and poor correlation between
these tests, they have afforded a means whereby various plating techniques may 
be compared.
From these recent researches it is apparent that occluded sulphur in 
nickel electrodeposits can significantly influence the dissolution mechanism.
The present work is mainly concerned with the effects of sulphur- 
containing addition agents - particularly thiourea -  on the anodic behaviour of nickel. 
It is therefore necessary to review and discuss the available literature on the 
effects of sulphur containing addition agents on the electrochemistry of nickel, with 
particular reference to the action of thiourea.
Thiourea as an Inhibitor
Thiourea has found wide application as an inhibitor in the oil and 
(37-39)petroleum industry and substituted thioureas have long been successfully
used as inhibitors for ferrous pickling. However the mechanism of thiourea action 
during inhibition has never been fully explained, although a wealth of information
has been gathered on this subject. In fact thiourea has been variously reported as
(40 -42) (43 -45)an inhibitor and as an accelerator of the acid dissolution of iron and
steel.
(46)Hoar and Holliday conclude from their experiments on the
dissolution of steel in acids that "thiourea and substituted thioureas inhibit both 
cathodic and anodic reactions, the cathodic inhibition being predominant at low
concentrations of inhibitor and the anodic at high”. These views are also held by
(47) (43 & 48) (49)Dzhaparidize and Cavallaro although Putilova found the reverse to
(50)be true. Balezin and Parfenov consider that thiourea acts as a cathodic inhibitor j
(51)in the corrosion of steel in IN ' HNO„ and Makrides and Hackerman’s results Io
indicate that anodic inhibition is more pronounced at a ll concentrations.
(46)During their research, Hoar and Holliday found that small 
quantities of thiourea markedly stimulated the anodic dissolution of pure iron.
They suggested that such sulphur-bearing molecules were capable of creating I
|
sulphur activated sites to an important degree even when they were not already
present as sulphide impurities in steels. They considered however that this small
stimulating action was easily overcome by their more powerful inhibitory action I
when thiourea was present in a ll but the smallest concentrations, and that these
effects were probably shared by other sulphur bearing molecules. However no
evidence to substantiate these suggestions has since been put forward. With
(52)reference to this work West states that thioureas are general inhibitors and
concludes that S -group molecules are strongly adsorbed indiscriminately but exert
steric effects on one another especially at high anodic coverages. In contrast to
(45)these ideas Kuznetsov and Iofa consider that the acceleration of iron 
dissolution is lue to the action of H^S produced by the reduction of thiourea. ;
19.
Since it appears that the sulphur atom has a major role in the action of thiourea it 
is necessary to review the various mechanisms proposed for nickel dissolution in 
the presence of sulphides.
1.3. Effect of Sulphide Ion on the Dissolution Mechanism of Nickel
Numerous examples of the increased corrosion rate of both nickel 
and iron in the presence of sulphides are to be found in the literature, but as yet 
a definite theory on the mechanism of this phenomenon is still lacking.
(53)In their work on the corrosion of iron Hoar and Havenard 
suggested that the high corrosion rate of iron in the presence of sulphide ions is due 
to its specific adsorption on the metal surface which assists the actual anodic
(54)
process of electron transfer. Card edge ' attributes the effects of sulphide ions 
to the influence of an electrostatic field set up by the negative charge at the sites of 
adsorption which he considers w ill influence the activation energy for electrode 
processes and facilitate both the formation and dissolution of metallic cations.
(55)
According to West the sulphide ion despite its being adsorbed into the inner
Helmholtz plane does not oust water from the cation solvation sheeth and so does
not sufficiently influence the activation energy for ion transfer. It is considered
by Evans and H oar^^  that sulphides increase the number of lattice defects in a
surfact oxide film  and thus facilitates the outward movement of cations.
(57)Rogel'Berg and Shpichinetskii believe that sulphur in depolarised 
nickel, used for anodes in Ni-plating, acted by forming microgalvanic cells of 
NiS and Ni^S^, whereas W esley^^ suggests that sulphur could depolarise nickel
by catalysing the re-arrangement of the electron structure of the nickel atom core
o oo rf~ |* (58)
from (Ni ) to the solvated ion (Ni . x H20 ) . Franklyn and Goodwyn who
investigated the blackening of nickel anodes in a thiocyanate solution came to the
conclusion that it was monatomic nickel that took part in the reaction.
It is clear from these considerations that although there is no
conclusive theory to account for the mechanism of the sulphide ion in solution, its
presence substantially increases the corrosion rate of c.ertain metals.
1.4. Effect of Thiourea on the Electrochemical Behaviour of Nickel
1.4.1. Anodic Dissolution Reaction
During this survey no work could be found which had been directly
concerned with a study of the effects of thiourea on the anodic dissolution of nickel in
the presence of an applied current. The only work of any relevance was carried 
(59)out by Edwards who did extensive radiotracer studies on the incorporation of
sulphur and carbon in nickel electrodeposits from solutions containing thiourea 
35 14labelled with S and C , during which he made indirect observations on the
effects of thiourea at the nickel anode. He produced evidence to show that the
decomposition of thiourea at the anode was at least equivalent to that at the cathode,
35and that the anode became radioactive if the thiourea was labelled with S . He 
postulated that only a fraction of the sulphur from the anodically decomposed thiourea 
remained as a solid film  on the anode and thought it likely that some remained in 
solution, possibly as sulphate or sulphite ions.
1.4.2. Effects of Thiourea on the Electrodeposition of Nickel
As inferred from the previous section, the m ajority of work involving
the effects of thiourea on the electrochemistry of nickel has been related to
cathodic studies of the electrodeposition process and to properties of the nickel
plate produced. Although as H oar^^  points out the anodic stimulator cannot be
the same entity as the cathodic inhibitor it was considered necessary to
substantially review the literature on the cathodic effects of thiourea in order to
have a better understanding of possible reactions and mechanisms involved in
thiourea/nickel interactions.
(a) Cathodic Polarisation
The effect of thiourea on cathodic polarisation during nickel
electrodeposition has been well studied and published results appear to be in
general agreement although interpretations differ widely. Sallo and Fischer
state that thiourea, thioacetamide and thiosemicarbazide are known to lower
if\0\
cathodic polarisation of the deposition process. Vyzgo and Tsyganov found
21.
that increase in concentration of KCNS caused the cathodic potential to become 
less negative, but with thiourea additions the cathode potential became more 
negative, whereas the plot of potential against log of the concentration is linear
for KCNS, this linearity is disturbed for thiourea. The same effect has since
(63) (64)been noted by Watson and Edwards , Pamfilov et al and Antropov and
(65)Popov , the last named reporting that anodic polarisation remained unaffected. 
ShuTts and Tsyganov point out that in general the polarisation curve of nickel 
electrodeposition indicates the following:
2+(i) Preferential discharge of N i ,
(ii) Discharge of H^,
(iii) Establishment of a steady state potential.
Anionic additives (KCNS, Na^ ^2^ 3  ^displace ( 0 more positive values while 
molecular additions (CS(NH9)0) move it to a more negative potential.Jb &
(b) Levelling
It is generally accepted that organic addition agents that promote
levelling during electrodeposition are adsorbed or co-deposited onto higher points
(67 -72)or peaks of an irregular surface . There is also general agreement that an
1 • , n * (63,73-76) T , .mcrease m polarisation accompanies levelling action . It is interesting
to note, therefore, that although thiourea acts as a strong leveller at high J[
concentrations where an increase in cathodic polarisation occurs, at low |
. .  . . , „  (63,82)concentrations it functions as a negative leveller .
There is evidence to show that brightening has a sim ilar action to that ]
of levelling 9 * and so it is not surprising to find that Molcadskis and j
(811 iMatuli report that the effectiveness of KCNS, thiourea and thiosemicarbazide ]
as brighteners is related to the effect of these agents on cathodic polarisation.
(c) Stress
(83)In 1955 Vagramyan and Tsareva found that "if thiourea was 
present in nickel plating solutions, when the current density was increased internal 
compressive stresses in the nickel plate were replaced by expansive, stresses". j
22. !
(84) !Watson noted that as the concentration of thiourea additions to a Watts bath
increased, tensile stress in the nickel deposit fe ll rapidly at low concentrations, j
until a minimum compressive stress was achieved. Further increases in
concentration of the additive caused the stress to rise again until tensile values of
a fa irly  high order were obtained. Sim ilar effects on stress and hardness in
(851copper electrodeposits have been observed . !
(d) Effect on Crystal Growth Habits j
It is not intended to go into such great detail on this aspect but 
merely to refer to the work of Shreir and Sm ith^^ in this field and the
(87 -89)substantial electrochemical and microscopical evidence put forward by Barnes 
to show that the type of crystal growth and orientation are greatly affected by 
changes in the concentration of thiourea additions to a plating solution.
The most fundamental point to note from the foregoing review is the 
concentration dependence of thiourea action in a ll the cathodic processes mentioned.
1.5. Proposed Mechanisms of Thiourea Action
In the preceding section practical examples of thiourea action were 
given, therefore it is now relevant to examine the suggestions put forward to 
account for these actions. During this survey it became clear that two contrasting 
schools of thought existed and it is intended to review them individually.
1,5.1. Reaction Mechanisms Based on Thiourea Adsorption j
’ ■  ........... - ■ ' » ...... ..........  — *  mu      l,__t  - -  - , - - n  j   }
It is suggested by D eM ars^^ that the most likely reaction is the
adsorption of thiourea at the electrode/solution interface which leads to enhanced
deposition of the metal species. In this process the thiourea is adsorbed on the
(91)electrode surface and acts as a bridge for electron transfer to the metal
species. This reaction is likely since thiourea is known to be adsorbed at
(92)m ercury/electrolyte interfaces . A sim ilar idea has been proposed by 
ShuTts and Tsyganov^^ who suggest that the effect of molecular addition agents 
on the discharge reaction of nickel is due to adsorption of molecules on the j
surface producing an ionic or dipolar layer which may assist or oppose cathodic j
discharge of nickel or hydrogen, depending on the nature of the additive.
(63)A more physical approach is adopted by Watson and Edwards
who concluded that organic levelling agents - including thiourea - are readily
adsorbed on the cathode during deposition since the cathode surface is continually
renewed as successive layers are deposited, and thus presents a very large area
over a short period of tim e. Furthermore the adsorption, especially of slow
moving large molecules is assumed to be irreversible since the adsorbed particles
are very quickly trapped by the growth of the surrounding deposit.
Adsorption of thiourea at an electrode has also been postulated by
Sallo and Fischer^ ^  as the reason for the prevention of tungsten co-deposition in
nickel - tungsten alloy plating. Further examples of thiourea adsorption are to be
found in the literature on copper electrodeposition, where B a r n e s K e ^ \  and 
(94 118)Llopis et al * 7 consider the adsorption of divalent thiocompounds as the most
probable explanation of cathodic polarisation effects and modification of crystal 
habits.
The effects of thiourea have also been studied during electroless
(95)
plating and DeMinjer and Brenner consider that the prevention of nickel
deposition on the walls of the container is apparently due to thiourea adsorption
giving a blocking-off effect. During investigations of the adsorption of thiourea on
(96)brass and nickel surfaces Edwards noted that the adsorption of intact thiourea
molecules appeared to be favoured rather than carbon-containing decomposition
products. In order to explain the variation of cathodic polarisation with thiourea
(59)concentration Edwards concludes that as a broad generalisation, at low 
concentrations and current densities the reduction of thiourea proceeds unhindered 
and depolarisation predominates; at higher concentrations and current density a 
larger proportion may be enclosed in the deposit before it can be reduced, giving j 
an increase in polarisation.
1.5.2. Mechanisms involving Breakdown of Thiourea
The main theme of this mechanism is the suggestion that sulphur- 
containing additives are reduced to sulphide and included in that form in the deposit.
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Unfortunately many workers have reached this conclusion from indirect 
(97-102)observations . Several workers have determined the sulphur contents of
nickel electrodeposits from baths containing organic sulphur compounds using 
(1Q3-1G5)chemical analysis and reported much greater sulphur contents than carbon
contents, indicating the decomposition of thiourea at the cathode, but these methods
(106)have been open to criticism . More recently, radiotracer work by Sallo et al
(107)and Trivitch and Hoekstra has indicated a cleavage reaction to be the main 
mechanism of thiourea reaction during nickel electrodeposition, the sulphur being 
reduced to sulphide and included in that form; but E d w a r d s u s i n g  sim ilar 
techniques, in comparing p-toluene sulphonamide and saccharin with thiourea, 
shows that in the case of thiourea partial reduction of addition agent molecules to 
sulphide ions occurs at low concentrations, the depolarising effect being opposed
by the blocking effect of unreduced molecules at higher concentrations. However
(109) (110)Blomgren and Bockris criticise sim ilar radiotracer techniques on the
basis that the amounts adsorbed have been determined subsequent to the removal of
the specimen from the solution and washing of the surface, thus restricting the
adsorbed amounts to those remaining under conditions undefined with respect to
potential and the effects of washing.
Work by a Russian te a m ^ ^  has shown that the amount of
impurities occluded in electrodeposits and the occlusion mechanism depend to a
large extent on the nature of the metal. The effect of thiourea on the electro-
deposition of nickel was considered to be a chemical adsorption process with
decomposition of the thiourea. In accordance with this it was considered that
90% of the sulphur included in the nickel was present as sulphide - it was assumed
that the remaining 10% was present as the adsorbed molecule. However from
sim ilar experiments on the electrodeposition of zinc they concluded that the main
process occurring in the presence of thiourea was the adsorption of unchanged
additive molecules.
In most c a s e s ^ '  ^ the mechanism proposed for the
reduction of thiourea is a Raney nickel reaction with the formation of a sulphide
ion through the hydrolysis of nickel sulphide at the interface, although the direct
(107)reduction of thiourea to sulphide ion has been postulated
(115)
Hauptmann and Walter have critically reviewed and discussed the 
Raney nickel mechanism and point out that there is general agreement that adsorption 
on the nickel surface, essentially through the sulphur atom, is the firs t step in the
mechanism of hydrogenalytic desulphurisation of bivalent sulphur derivatives.
(116) (117)They refer to work by Maxted and LUttinghaus who have shown how this
adsorption could be accomplished. It has been shown that the rate of incorporation
of sulphur in nickel deposits is virtually independent of current density and so 
(59)Edwards concludes that under such conditions the rate of incorporation of
sulphur from thiourea is completely controlled by diffusion. Sim ilar observations
(114)have been made by Kardos and Foulke .
It is apparent from both suggested mechanisms that adsorption at the 
metal/solution interface is an integral part of the electrode reaction, and that the 
cleavage mechanism emphasises the importance of the role of sulphur in the 
organic molecule. It is therefore considered that a discussion of the molecular 
system of thiourea and the electron configuration of nickel atoms is necessary.
1.6. General Review of the Electronic Configuration of Nickel and 
Molecular System of Thiourea
1.6.1. Molecular system of Thiourea
Convention defines the thiourea system as follows:
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The formulae and molecular configuration of the thiocompounds used in the present 
studies are given in Table 1A. During studies of nickel electrodeposition 
Sallo and Fischer noted that these agents had several features in common:
1. A ll contain at least one sulphur atom
2. A ll lower the cathodic deposition potential
3. A ll can form bulk complexes with the co-depositing metal ion
4. A ll are adsorbed at a dropping mercury cathode.
It is also evident from TablelAthat these agents have electron donor tendencies due
to the sulphur atom having a lone pair of electrons. This implies that the role of
the sulphur atom in reactions involving these agents is of prime importance - a
point which has been inferred by several workers but never established. For
(118)instance, Llopis et al postulated that in the absence of oxygen, thiourea was
being chemisorbed by copper, the molecules anchoring through the S = C group.
(46)The results of Hoar and Holliday imply that the active N . CS. N group of the
thioureas is more strongly held than the :N« group of the quinolines and in both
cases an increase in weight and size of the molecule may render it more effective
as a spatial block. In comparing adsorption properties on metal surfaces
(108)Edwards suggested that the position of the sulphur atom in the molecules of
saccharin and p-toluene sulphonamide might be the reason for these agents not
reacting with metal surfaces immersed in their solutions, whereas he postulated that
thiourea was irreversibly adsorbed by brass surfaces due to a disruption of the
(119)thiourea molecule. During work on levelling Watson observed that it may be
significant that the structures of thiourea and its derivatives have a sulphur atom
(84)not connected to oxygen which is attached directly to carbon. In later work he 
noted that the sim ilarity in results with thiourea and its derivatives points to the 
importance of molecular structure, or at least of certain atomic groupings. An 
analysis of the results of Sutyagina et a l^ * *  shows that the sulphur occlusion 
during nickel electrodeposition from solutions containing thiourea, thiocyanates, 
thiosulphates is 2 to 5 times greater than from sulphonates, under sim ilar 
conditions. These results emphasise the importance of the reactivity of the sulphur
Compound ChemicalFormula
Molecular
Configuration
Thiourea NH2 .CS.NH2
. .
NH_
:s = c ^  
^ n h 2
Thioacetamide i tf  N H 2n h 2 .c s .c h 3 :s = c ' ch
Thiosemicarbazide /  N H 2n h 2 .c s .n h .n h 2 :s = < nh
( 2
TABLE 1A
Chemical formulae and molecular configurations of the 
thio compounds studied
Atom Cores in Metal RelativePopulation 3d
............... ........ ,
4s, 4p
(Ni) 4 • 49mm « • ♦ ♦ * o0
(N i°) 6 • * • * o• l i t * 0•
(N i°°) few • * • oot * f # • •
Ions in Solution
(N i°°. xH 20 ) ^ - . . *00 • * • ♦ • x :
(Ni00. yH 2O .C l')+ - . * * oo • • « • • y ;
TABLE IB
(16)Electron configurations of Nickel
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atom in thiourea. In a substantive review of the configuration and possible
(120)bonding of the sulphur outer shell Cilento concludes that in certain sulphur 
compounds d-orbitals are utilized or can be utilized. Normally this is only 
possible if contraction of the 3d orbital can occur. Then these orbitals can take i
part in sigma bonds, localised pi bonds and delocalised pi bonds. j
The significant point of this discussion is that the sulphur compounds j
in this work are known to have electron donor tendencies and can take part in 
bondings using the 3d orbitals, the ligand being formed through the sulphur atom,
1,6*2. Electronic Configuration of the Nickel Atom
(121)It has been shown that the preponderance of evidence indicates
that in the nickel metal lattice the electron configuration of the atoms fluctuates j
between two predominant structures with small amounts of a third. These j
configurations are shown in Table IB where the solid dots symbolize electrons, the
open circles represent vacancies, j
The nickel ion in aqueous solution is highly hydrated. The closest
water molecules are probably arranged corresponding to a co-ordination number
of four or six. By comparing the electron configurations represented in Table IB
/100\
it is evident as suggested by Lyons that considerable rearrangement of structure 
is required in going from the (Ni) form of nickel atom core to the bivalent ionic 
form present in the hydrated ion. A general principle has been postulated that 
whenever an electron transfer involves a change from an inner to an outer orbital 
or vice versa transfer is slow. No such rearrangement is needed in the case of 
hydrated zinc ions.
(16)Taking into account these suggestions Wesley proposed that in the 
absence of chiotides the dissolution reaction of nickel starts with the (Ni) form of 
the nickel atom and by various stages of ionic adsorption proceeds through the 
simplified sequence of
(Ni) (N i°) (N i°°. x H20)++
the slow step being the completion of solvation and rearrangement of d-band 
electrons to form an ion. He farther postulated that the presence of chlorides 
drastically modifies this anodic reaction mechanism , the reaction sequence now jI
starting with (Ni ) and not (Ni) as in the absence of chlorides. The slow step |
being the formation of a solvated nickel ion, this being a function of the nickel surface j
in the condition (N i°), which in turn is dependent on the chloride concentration.
Hence the function of chlorides is pictured as a setting up of a mechanism by which 
the (N i°) atoms of the surface can dissolve without firs t changing to (Ni) atoms as 
was required in the absence of chlorides.
(16)In a discussion of the role of impurities in reactive nickel Wesley 
points out that the principal requirement is the rearrangement of the electron 
structure of the nickel atom core from (Ni°) to the two hole structure of the 
solvated ion (Ni x H^O) . He believes that this would be easier to achieve 
if the impurities concerned facilitate electron transfer rather than functioning by an i
adsorption mechanism. However he also postulates that the fraction of surface 
atoms of a given configuration might be powerfully affected by adsorption of ions
i
or molecules which could stabilise or bind the d-band holes and prevent them
I!
from being transferred from one nickel atom core in the surface to the next. A j
(123)sim ilar point has been made by Kendrick who states that transition metals 
such as nickel show a marked tendency to accept a share in a pair of electrons, 
probably due to the existence of incompletely filled d-bands and that many 
organic radicals possess electron donor tendencies and chemisorption may take 
place through covalency or co-ordination with atomic d-orbitals. This indicates
a possible organo-metal bonding between thiourea and nickel. Such complexes are
. , , , t  .(127,128)known to exist. Structural studies of tetrathiourea nickel have been published
(129)and the existence of lower complexes has been indicated . These studies have 
shown that sulphur is the co-ordinating atom in these compounds.
30.
1.7. The Use of Electron Microscopy
(124)Although the literature contains much information on the use 
of the electron microscope in studying crystal structures and growth habits during 
nickel electrodeposition, very little  work has been done to examine the corrosion 
of a nickel surface on an electron microscopical scale. The research in this field
/ l i jC  *»
has been confined to work carried out by Weil and Tsourmas * and consists of 
a lim ited study of the early stages of corrosion in nickel plate due to the action of 
accelerated tests such as Corrodokote. No literature could be found which 
related the electrochemical aspects of nickel dissolution with surface studies on an 
electron microscopical scale. Several references to the lack of such studies have 
been made by eminent researchers^*
1.8. General Observations
Several points worth noting have emerged during this literature survey.
1. The effects of thiourea on the cathodic electrodeposition 
of nickel has been shown to be decidedly concentration 
dependent.
2. The role of the sulphur atom and its effect on the anodic 
dissolution of nickel are of extreme significance.
3. The peculiarities of the molecular structure of thiourea 
and the electronic configuration of nickel, and the 
possibility of an organo -metallic bond being formed 
have been indicated.
It was with these observations in mind that the present research into the effect of 
thiourea on the anodic dissolution of nickel was carried out.
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CHAPTER 2
EXPERIMENTAL APPARATUS AND PROCEDURE
2.1 . Anodes
Anodes in the form of cylindrical rods 2.5 x 0.5 mm dia. were cut 
from spectroscopically pure nickel rods (Johnson Matthey & C o.). The analysis 
was as follows:
Fe, Si, 3 p .p .m .
Ca, Cu, 2 p .p .m .
Mn, Mg, 1 p .p .m .
Na, L i, 1 p .p .m .
The cut surface was polished to 1 p diamond and then mounted in a tight fitting 
p .t .f .e . sleeve so that a polished surface of known geometrically reproducible 
area was exposed to the electrolyte. The sleeve was mounted in a glass tube 
(Fig. 2A) which formed the inner barrel of the parallel ground glass joint of the 
cell used for polarisation studies (Figs. 2B and 2D). Before introducing the 
anode into the cell it was degreased and then etched in warm dilute nitric acid.
2 .2 . Solutions
The electrolyte used in a ll experiments was a’'standard solution" (S.S.)
0.01N NaCl + 0.0 IN  N iC ^  (pH 4.2) containing various concentrations of the 
respective addition agent. The solutions were prepared directly from AnalaR 
reagents wherever possible, and doubly-distilled water.
Certain experiments were conducted using solutions in equilibrium  
with atmospheric oxygen, while in others rigid precautions were taken to remove 
oxygen and to exclude it during the course of the experiment. Removal of the 
oxygen was achieved by purging the solution with "white spot" nitrogen which had 
been previously purified to remove the last traces of oxygen by means of a 
scrubber containing chromous sulphate which was kept reduced by zinc amalgam.
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The efficiency of this method has been studied by Gilroy and M a y n e ^ ^  who 
have shown that residual oxygen is reduced to 0.005 p.p.m . in Ih .
Several experiments were carried out to determine the effect of 
sulphide ions in conjunction with thiourea additions. The additions of H^S to 
the respective solution were made by saturating 10 ml of doubly distilled water 
and mixing a constant portion of this with the solution immediately before the 
pretreated anode was introduced into the electrolyte, this gave an approximate 
concentration of 20 p.p.m . H^S in solution. A ll such experiments were carried 
out in solutions containing atmospheric oxygen.
2.3. The Polarisation Cell
The all-glass cell (Fig. 2B) was provided with two parallel ground 
glass joints placed diametrically opposite one another. By this means the anode A 
could be accurately positioned relative to the capillary J during the measurements 
of polarisation. The cathode C consisted of a platinum disc with a hole for the 
capillary, connection was made through a platinum wire via tube C* which also 
served as an exit for nitrogen which then passed through a water seal to minimise 
the ingress of oxygen. The calomel electrode R was connected to the capillary 
through the gound glass joint P, and sintered glass discs were incorporated at H 
to minimise diffusion.
A feature of the cell was the incorporation of a scrubber (Fig. 2C)
which was attached to the cell by the joints X and Y. Fig. 2D illustrates the
cell with scrubber in position. When oxygen-free solutions were required, the
bulk of the oxygen was removed by flushing the cell with purified nitrogen for Ih,
the pretreated anode was then placed in position and the solution was run into the
cell from a reservoir above the cell and deoxygenation continued for a further
hour, during which time complete removal of oxygen was achieved. The
deoxygenation and slow recirculation of the electrolyte was continued during
o opolarisation measurements. The cell and solution were maintained at 25 C t  0.1 C 
by an a ir thermostat.
x « y  C° N S T r I C T i o n
CON^ C T !ONs
To
S c r u 6 b
c e u
er o t t a chm * o t to ce / /
FIG 2 D POLARISATION CELL PLUS SCRUBBER
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2.4. Instrumentation
The circuit is shown in Fig. 2E. A d.c. current was supplied by 
a 60V dry cell through a bank of resistors in series. Potentials were measured 
by means of a Vibron Electrometer in conjunction with a pen recorder (Ether 
Xactrol).
2.5 . Determination of the Polarisation Curves
The determination of activation overpotential of an electrode process
is usually carried out under conditions in which concentration polarisation is kept
to a minimum, normally by agitation of the solution or rotation of the electrode.
(1)Previous studies have shown that agitation actually resulted in an increase in 
the overpotential even when the solution had been purified to remove oxygen. For 
this reason agitation was not used except during the preliminary studies (Chapter 3)
To minimise concentration polarisation the maximum current density was limited to
2 2 
1mA/cm - concentration effects did not become significant until 1.5mA/cm .
During experiments using oxygen-free solutions the slow recirculation of the
electrolyte did not affect the electrode potential.
The reproducibility of the Tafel plots obtained by starting at low
current densities and then increasing the current by predetermined increments to
the maximum current density was not good. Far better reproducibility was
obtained by applying the maximum current density after the nickel had attained its
steady-state unpolarised-potential and then decreasing the current by predetermined
increments. At each applied current density the polarised potential was
tracked on the recorder and the potential noted when dE /d t was less than
P 22m V/h. After applying the minimum current density (5Q~iA/cm ) the
current was switched off and the steady state potential recorded.
A ll potentials were measured with reference to a saturated calomel 
electrode, and all reported potentials are on hydrogen scale i.e . E^.
The exchange current density for this irreversible electrode was 
obtained by extrapolating the linear Tafel plots to a potential corresponding to
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the standard electrode potential corrected to account for the activity of nickel 
ions in solution. From the available literature there appears to be some 
uncertainty as to the value of E° jy ji^ /N i and although Latimer^131  ^quotes a 
value of -0.25V, the value -0.26V used by Hollnagel and Landsberg^^ has been 
adopted which, corrected for the activity of nickel ions in the present solutions, 
gives ■E°Ni++/N i equal to -0 .34V. Overpotentials ( rj) have been obtained by 
subtracting this reversible potential from the polarised potential i.e .
7) = E -(-0 .3 4 V )
= E + 0.34V 
P
2.6. Microscopy
1. Optical Microscopy
A Vickers projection microscope was used to examine specimens at 
magnifications up to lOOOx.
Electron Microscopy 
fe) The Electron Microscope
The transmission electron microscope is sim ilar in principle to the 
transmission optical microscope. The light beam however is replaced by a beam 
of electrons and focussing is obtained by magnetic "lenses". The electrons are 
firs t focussed by an electromagnetic field to give a prallel beam, which is then 
directed along the axis of the microscope. The beam then passes through the 
electromagnetic objective and projector lens, finally forming an enlarged image on 
the viewing screen or photographic plate. Any object interrupting the flow of 
electrons w ill not allow transmission and thus show up as a dark zone on the screen. 
Various shading effects are obtained depending on the extent of transmission through 
the interrupting object.
(b) Replica Preparation
A replica technique was used in preference to a thin film  technique 
since the latter method relies on electrochemical dissolution to produce the 
necessary thin metallic film , and this process would substantially • alter the 
surface structure to be viewed.
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Since the electron microscope was firs t used, a multitude of
replica techniques have evolved; however, the underlying principle is the same
in that it is necessary to obtain a "negative” of the surface before depositing a
thin metallic or carbon "positive". Two of the commonest processes for
obtaining replicas are the Bexfilm and Formvar techniques. Although the latter
method was occasionally used, a ll electron micrographs in this thesis were
obtained by the Bexfilm technique. Bexfilm resembles cellophane and dissolves in
acetone. A fter immersion in acetone for five seconds, the semi-dissolved
Bexfilm is placed on the metal surface, where it rapidly dries and in doing so
contracts, taking up the exact shape of the surface. This initial film  was then
stripped and by this means the nickel surface was cleaned of any loosely adherent
m atter. This procedure was then repeated on the cleaned metal surface to obtain
the Bexfilm negative. The replica was then mounted on a glass slide with
"Sellotape".
(c) Deposition of the Positive Film
A variety of methods have been used by researchers for depositing
films on the Bexfilm replica. These include gold, platinum, palladium, carbon,
colloidon and also various combinations of these elements. The best results were
achieved during the present research by evaporating a film  of carbon at an angle
of incidence of 20° onto the Bexfilm replica. Angled deposition was found to give
better contrast than deposition at normal incidence. This process was carried
-4out in an evacuated chamber under a vacuum of 10 to rr, by passing a current of 
about 60A through the 5mm dia. pointed carbon rods. The points of these rods 
were held firm ly together by springs. The intense heat caused by the high 
current evaporated the carbon which was deposited on the specimen. The extent 
of evaporation was judged visually by the intensity of the film  formed on a piece 
of porcelain located in the same region as the specimen. A drop of "Apiezon" 
oil was put on the porcelain to emphasise the darkening effect. The thickness of 
carbon necessary to give a satisfactory replica was found by experience to 
require ten 1 sec. bursts of 60A through the carbon rods.
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(d) Final Preparation of the Carbon Replica
The complete replica consisting of Bexfilm and carbon deposit was 
removed from the glass slide. The Bexfilm was then removed by immersion in 
acetone leaving the carbon positive. It was found however that immersion of 
this composite replica in acetone caused the carbon film  to disintegrate. In 
order to strengthen the film  therefore a layer of "Vaseline" was smeared over the 
carbon surface prior to the dissolution of the Bexfilm negative. On subsequent 
immersion in acetone the Bexfilm dissolved leaving the carbon plus "Vaseline" 
layer intact. The time required for complete dissolution of the Bexfilm was about 
two hours, the acetone being changed from time to time using a hand pipette.
A ll excess acetone was removed from the carbon (plus Vaseline) replica which was 
then placed into a solution of carbon tetrachloride, which dissolved the Vaseline 
leaving the cleaned carbon replica. This was removed from the carbon 
tetrachloride solution using small copper grids. The specimens were now clean 
and ready for examination under the electron microscope.
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CHAPTER 3 
PRELIMINARY STUDIES
3*1. Introduction
Preliminary studies on the effects of agitation and chloride ion
concentration were carried out in order to standardise the apparatus and
(1)technique and to check the previous work done by Maurer who found that agitation 
actually increased overpotential above a critical current density. He also observed 
that this sudden increase was accompanied by rapid oscillation in potential (Fig. 3A).
3.2. Results
Effect of Chloride Ion Concentration
As expected, increase in the chloride ion concentration caused a 
lowering of the activation overpotential of the nickel anode as shown in 
Figs. 3B and 3C. This is now a generally accepted phenomenon and is in 
agreement with Maurer’s work.
2. The Effect of Agitation
The effects of agitation by commercial nitrogen (10 p.p.m . oxygen) 
and purified nitrogen in both deoxygenated electrolytes and those containing 
atmospheric oxygen are shown in Figs. 3B and 3C.
(a) The Effect of Agitation in 0.01N NaCl
In solutions containing atmospheric oxygen agitation with commercial 
nitrogen caused the overpotential to rise rapidly to a more noble value, at the 
same time rapid oscillations of the potential occurred, their amplitude increasing 
with current density. The same effect was noted with de-oxygenated solutions on 
agitation with purified nitrogen, but the overpotentials were not displaced to such 
high values.
(b) The Effect of Agitation in 0. IN  NaCl
Agitation had only a slight effect on the overpotential in both
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de-oxygenated solutions and those containing atmospheric oxygen* The
oscillations were still apparent but the amplitude was extremely small, being
2 2 only 8mV at 5mA/cm compared to 80mV at 5mA/cm" for 0.01N NaCl.
(e) The Effect of Agitation in the 1.0N NaCl
Agitation had no effect at this concentration in either de-oxygenated
solutions or those containing atmospheric oxygen.
3.3. Discussion
Normally agitation would be expected to reduce concentration 
polarisation and thus reduce the total polarisation and so the fact that agitation 
actually increases the polarisation is quite unusual. This effect appears to be 
specific for nickel in chloride solutions.
Another effect is the oscillation of potential which according to
(1)Maurer occurred only above a critical current density.
A detailed discussion of this phenomenon is not possible but it is 
proposed to explain these results on the basis of competitive adsorption of 
hydroxyl and chloride ions. It can be assumed that adsorption of hydroxyl ions 
is the firs t stage of passivity, with an accompanying increase in potential at
constant current. The adsorption of chloride ions is the firs t stage of activation.
On this basis it is possible to suggest reasons for
(a) the effects of agitation
(b) the effects of chloride ion concentration.
Considering the effects of agitation in the 0 .01N NaCl solution,
since the mobility of the hydroxyl ion is greater than that of the chloride ion, it 
could be postulated that hydroxyl ions would predominate at the metal/solution 
interface in stagnant electrolytes and that on agitation more chloride ions would be 
introduced into the double layer thereby decreasing the activation overpotential. 
However, agitation produces an increase in overpotential, and thus it appears 
that in stagnant solutions the chloride ion is preferentially adsorbed by the nickel. 
It is therefore considered that vigorous agitation significantly reduces the chloride
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ion concentration at the metal/solution interface and a greater proportion of the 
hydroxyl ions are brought into the double layer, resulting in the rise in 
overpotential. The potential oscillations during agitation suggests that there is 
competition between the hydroxyl ion and the chloride ion for adsorption on active 
sites on the nickel surface, and that the mechanism is one of a continual adsorption/ 
desorption process during agitation. This is supported by the fact that on stopping 
the agitation the potential reverts immediately to that in the stagnant electrolyte.
The increase in amplitude of these oscillations at higher potentials 
(associated with higher c. d. ) may be due to the potential affecting the rates of 
adsorption/desorption of OH and C l . Further support for this view is given by 
the fact that the effect of agitation is significantly less in the 0. IN  NaCl solution, 
since the effect of the tenfold increase in chloride ion concentration substantially 
increases the proportion of chloride ions at the metal/solution interface on 
agitation. Further the amplitude of the oscillations are greatly diminished in 
this solution indicating that the adsorption/desorption process occurs over a much 
shorter period.
The further tenfold increase in the chloride ion concentration to give 
1 .ON NaCl shows that the hydroxyl ion has very little  effect even during vigorous 
agitation and that the concentration of chloride ions at the metal/solution 
interface is the controlling factor in the ionisation process.
During this preliminary work it was noticed that several significant 
(1)phenomena observed by Maurer , and other workers referred to by him, were 
not apparent, namely:-
(a) that on agitation with nitrogen the rise in overpotential was 
not accompanied by a distinct potential jump followed by 
potential oscillations as shown in Fig. 3A.
(b) these oscillations only occurred after the potential jump 
there being no oscillation of potential prior to the jump 
in potential, as shown in Fig. 3A.
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(1)The pronounced potential jump, postulated by Maurer and others 
(16,20) t0  suj^ en passivation of the nickel anode, was not observed under any
conditions of agitation, whether the current density was gradually decreased or 
increased as in Maurerfs work. It is also apparent from Figs. 3B and 3C that in 
the present studies the oscillation of potential during agitation occurred over the 
whole range of current densities used, and did not suddenly commence at a 
particular potential.
It is considered that the discrepencies concerning the onset of the 
potential oscillations can be accounted for by considering the sensitivity of the 
respective apparatus used. In Maurer*s work measurements of the electrode 
potentials were carried out with an E .I .L .  valve voltmeter having a minimum full 
scale deflection of 1000 mV and since a ll his readings were visual and not 
automatically recorded then fluctuations in potential of less than 15 mV amplitude 
would not appear to be significant, and it is feasible that oscillations of potential 
below this amplitude would pass unnoticed, thus accounting for the apparent sudden 
onset of these potential fluctuations. In the present work a more sensitive Vibron 
Electrometer with a variety of scales ranging from 10 mV full scale deflection 
was used to measure the electrode potentials. Since the readings were 
automatically reproduced on a recorder it was possible by using a backing off 
circuit, to record rapid fluctuations of potential down to lm V  amplitude.
Thus it is considered that the differences between the present work 
and Maurer’s results concerning the commencement of the potential oscillations 
can be explained on the basis of experimental technique, and that the more 
sensitive apparatus used in the present work shows that potential oscillations 
occur over the whole range of current densities.
An explanation giving substantive reasons for the absence of a
potential jump during agitation in the present work is not readily apparent since
(16) (20)this phenomenon has been noted by Wesley and others . However it must 
be pointed out that these workers observed this potential jump in stagnant
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electrolytes over large pH, C l , and current density ranges, whilst Maurer 
only observed this effect during vigorous agitation in a narrow range of chloride 
ion concentrations at much lower current densities.
It is considered that a possible explanation can be found by reviewing 
the etching techniques used to activate the nickel surface prior to the 
commencement of a potential/current density determination. Maurer used an 
in itial etch of 10 s in cold aqua regia followed by 15 s in cold concentrated 
hydrochloric acid, whereas in the present work etching was carried out in hot 2:1 
nitric acid. It is considered that the etching technique used by Maurer was 
insufficient to remove any surface oxide film  present in the nickel surface and 
that the initial application of a low current density did not render the nickel 
surface fully active, thus dissolution of the anode occurred only at selective sites.
A comparison of Figs. 3A and 3B with 3 C shows that in stagnant solutions 
containing atmospheric oxygen, the potentials were much higher in Maurer’s work 
particularly at low current densities. Thus it would be expected from previous 
suggestions that in low chloride solutions agitation would bring more hydroxyl 
ions to the active sites at relatively low current densities, and hence tend to 
repair the discontinuities in the oxide film  giving rise to an apparent potential jump. 
In higher chloride solutions this repair of the oxide film  would not occur until the 
current density at the active sites was sufficient for the hydroxyl ions to displace 
the chloride ions, again resulting in a potential jump. It is felt that these 
suggestions are possible explanations of the absence of a potential jump during the 
present work.
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CHAPTER 4
THE EFFECT OF THIOUREA ON THE ANODIC 
BEHAVIOUR OF NICKEL
4.1. Introduction
As previously stated all experiments apart from the preliminary 
studies referred to in the previous chapter were carried out in a solution of
0 .0 IN NaCl + 0 .0 IN N iC l (the standard solution S.S.).
4.2. Electrochemical Results
1 . E^/ i  relationships
Fig. 4A shows the E / i  curves for S.S. and for S.S. containing
r i
various concentrations of thiourea in equilibrium with atmospheric oxygen. A ll
concentrations of thiourea reduced the steady state and polarised potentials,
although this effect was very small with additions of 10 thiourea. The most
interesting feature of these plots is that the greatest reduction in the activation
-4overpotential was produced by 10 M as compared to the higher concentrations.
Sim ilar results were obtained with de-oxygenated solutions (Fig. 4B) 
although it should be noted that the results with 10 thiourea additions were not 
very reproducible.
A comparison of Figs. 4A and 4B shows that de-oxygenation causes a 
lowering of the polarised potential throughout the whole current density range 
studied.
2. Tafel Relationships
Fig. 4C shows the Tafel relationships plotted from the data given in
Figs. 4A and 4B, the Tafel slopes and the calculated exchange current densities
are given in Tables 4 .A and 4R. Considering the solutions in equilibrium with
atmospheric oxygen, Fig, 4C shows that a linear Tafeline exists over the whole
range of current densities studied, although it is evident that from Table 4 A
-5that solutions containing more than 10 M thiourea have steeper Tafel slopes than
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TABLE 4A
Thiourea
Concentration i in A/cm^ 0
Tafel Slopes 
in
mV/log i
0 7.5 x 10' 11 83
io ‘ 5m X.Ox 10‘ 10 85
io "4m 2.7 x 10" 8 100
io ' 3m 8 .0  x 10 9 99
o
r to s 2 . 0 x 1 0 '9 97
1i
1
Exchange current densities and Tafel slopes for the anodic 
polarisation in 0.01 N NaCl + 0.01 N NiCl^ containing thiourea, in 
equilibrium with dissolved atmospheric oxygen.
TABLE 4B
Thiourea
Concentration i in A/cm^ 0
Tafel Slopes 
in
mV/log i
0
-102 .0  x 10 82
-410 M 3.8 x 10 193
sCOiorH -62 .1  x 10 189 !i
io ' 2m 8 . 0 x 10‘ 8
i
121 !
[
Exchange current densities and Tafel slopes for the anodic 
polarisation of nickel in de-oxygenated 0.01 N NaCl + 0.01 N NiCl^ 
containing thiourea.
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S.S. thus resulting in higher exchange current densities.
Fig. 4G and Table 4B show that in de-oxygenated solutions
containing thiourea linear Tafel slopes are obtained only in the lower current
-4 2density region (below 4 x 10 A/cm  ) where the slopes become significantly steeper 
compared to solutions containing atmospheric oxygen, resulting in much higher 
exchange current densities. Although there is a deviation from a linear Tafel 
relationship at higher current densities in de-oxygenated solutions the most 
significant point to note is that the same effects of thiourea concentration are 
evident as in solutions containing atmospheric oxygen.
The removal of oxygen from the solution had no effect on the Tafel 
slope for nickel polarised in S.S, but a slightly higher exchange current density 
resulted.
The Tafel results obtained for the polarisation of nickel in the 
de-oxygenated S.S. are in close agreement with those obtained by Hollnagel and 
Landsberg^ and Kronenberg et al^*^ (Table 4 C ) in their work on the anodic 
polarisation of nickel in chloride solutions, using more refined transient techniques. 
Thus it is justifiable to assume that the results obtained for the effect of thiourea 
are of some fundamental significance.
4 .3 . Surface Studies
After each E / i  determination, during which the charge passed was 
2approximately 8 C/cm , the nickel was examined visually and microscopically for 
general and pitting attack and for sulphide film  formation,
1. Solutions Containing Atmospheric Oxygen
Examination of the nickel surface after polarisation in S.S. showed 
that general surface attack had occurred and that several round pits typical of 
chloride attack, together with many micropits, which could not be resolved by 
optical microscopy, were distributed over the metal surface (Fig. 4D), Electron 
microscope studies showed that these pits were of the same type as the macropits 
(Fig. 4E). With thiourea additions, at a ll concentrations, pitting attack was
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X 5 0 0
FIG 4D Typical  chloride attack in S.S 
containing dissolved oxygen
X 25,000
FI G  4E E l e c t r o n  micrograph of chlor ide
m i c r o p 11
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exhibited together with general surface attack, the nickel anode remaining bright 
and showing no evidence of sulphide film  formation. The pitting attack in these 
solutions was markedly different from that obtained in the absence of thiourea.
Fig. 4F shows the characteristic large agglomerates of angular pits that were 
obtained together with the very small pits uniformly dispersed on the nickel 
surface. The micropits when examined at higher magnifications (Fig. 4G) show 
the same angular nature of the agglomerates as in Fig. 4F. A second type of 
pitting attack which was also observed in thiourea containing solutions is shown in 
Fig. 4HX and 4H2. These pits are isolated and do not appear to interact in the |
same way as the pits in Fig. 4F, and it is noticeable that whereas the central portion | 
has the same angular nature as the other type of pitting, in this case it is surrounded j 
by an attacked area which exhibits the shape of the central pit.
It is evident therefore that the nature of attack on nickel can be 
markedly affected by traces of thiourea although this is not evident from polarisation | 
studies.
Electron microscopical studies of the micropits obtained in the 
thiourea solutions showed that they consisted of two types (Fig. 4J), and typical 
examples at higher magnifications are shown in Fig. 4IC. The pits in Fig. 4K1 
are characterised by ridges which surround a central portion, which appears to be jj
more attacked than the surrounding metal -  this suggests that the initial attack was 
concentrated on this area. The other type of pit (Fig. 4 K2)shows no ridged effect 
and it would appear that a particular crystallographic plane of the nickel forms the j
pit sides.
2. De-oxygenated Solutions
Examination of anodes after ETT/ i  determinations in S.S. showed that (H
although a pitting attack of the same type as in aerated solutions had occurred, the 
degree of pitting was diminished. However, no pitting attack was found with any j
of the de-oxygenated thiourea solutions, examination of the nickel surface showed 
general attack in a ll cases (Fig. 4L), although it would appear that grain boundaries 
and twins were preferentially attacked. Figs. 4M1 and 4M2 show the nickel surface
59
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at higher magnifications and it is evident that general dissolution has occurred, 
the stepped appearance probably being due to facets produced by the slowest 
corroding plane of the nickel. Evidence of slight sulphide film  formation was 
found in the de-oxygenated thiourea solutions, the change in colour of the film  
from light grey to mid grey indicating slightly thicker films at the higher thiourea 
concentrations.
Studies at Constant Current
The previous results were based on observations of the nickel surface
after the completion of the polarisation studies during which the charge passed
2
was approximately 8 C/cm . In order to study more closely the initiation of 
pitting attack in solutions containing thiourea, replicas were taken and examined
with the electron microscope after the nickel anodes had been activated for 30 min
2 - 5 - 2at Im A/cm  in solutions containing 10 and 10 M thiourea. The type of attack
-5 -2found in the 10 M thiourea solution is shown in Fig. 4N and that for the 10 M
thiourea solution in Fig. 4P. It is apparent from these photographs that the same 
type of pitting attack occurred in both solutions - the pronounced angular nature 
appears to indicate attack on a particular crystallographic face of the nickel.
-5However, it is evident that whilst pronounced general attack occurred in the 10 M
-2thiourea solution, very little  general attack is apparent in the 10 M thiourea 
solution, the dissolution mechanism appearing to be concentrated on pit formation 
and propagation in the latter solution. The regular crystallographic features of 
the pitting attack in the presence of thiourea compared to the typical chloride pits 
in the absence of thiourea is well illustrated in Fig. 4Q.
4*4. Discussion
1. Electrochemical studies
It is evident from these results, plus the observations made during the 
Literature Survey, that there are two predominant thiourea/nickel reactions 
(activation and inhibition) and that the concentration of thiourea at the metal surface 
determines which of the reactions predominate.
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X 19,000
F IG  4N Nickel  surface a f t e r  30min
2 - 5at ImA/cm in S.S. 4 IO M thiourea
X 2 0 ,0 0 0'■'mm
FIG 4 P Nickel sur face af ter  30min at
2 " 2  i fnA/cm ,n S.S, 4  IO M thiourea
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F I G  4 Q  T h e  c ont r as t i ng  e f f e c t  of
1. c h l o r i d e  ion
2.  thiourea
on the f o r m  of  pi t t ing a t t a c k
X 2 9 , 0 0 0
There are several possible mechanisms which can be put forward to 
explain the inhibitive action of thiourea at high concentrations. It is considered 
that an undissociated molecular additive would be hardly likely to retard one of 
the stages of the overall ionization process c .f. effect of CN in the hydrogen 
discharge process. A more reasonable assumption is that although the 
dissolution mechanism remains unchanged there is a reduction of the actual surface 
area at which the ionisation process takes place. This reduction can be 
affected in two ways,
(a) by film  formation
(b) by adsorption, either physical or chemical.
However no surface films were noted in solutions containing dissolved oxygen, but 
some nickel electrodes polarised in de-oxygenated solutions containing thiourea 
exhibited very light film s. Although adsorption of thiourea is known to occur at 
metal surfaces, the above results do not provide sufficient evidence to draw any 
conclusions other than the observation that the effect of thiourea on the anodic 
polarisation of nickel is significantly concentration dependent; low concentrations 
of thiourea render the nickel anode more reactive but above a critical concentration 
this is opposed by an inhibiting process. This aspect of the work w ill, however, 
be considered in more detail in a subsequent section.
2. Surface Studies
The most interesting feature of these results is the type of pit 
produced by the action of thiourea in aerated solutions. The angular 
agglomerates which appear to have developed as shown in Fig. 4R are by fa r the 
most common form of pit. It would appear from this type of pit that the effect 
of thiourea on the dissolution mechanism, unlike the typical chloride attack, is 
non-specific in action, the nickel dissolving generally until the facets of the 
slowest corroding surfaces appear. The other form of pit appears to have 
developed as shown in Fig. 45 and it would appear that these pits have a certain 
spiral tendency in the in itial stages. Spiral etch pits have been the subject of
6 7
6 8
m v .
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considerable interest, as they have sometimes been attributed to screw
dislocations. However the step heights between successive turns of the spiral
have been of the order of thousands of Xngstrom’ s . Holm es^*^ points out that .
theory does not admit the existence of screw dislocations with a Burgers vector
of this magnitude, and he refers to several reasonable alternative explanations 
(133 134)’ , from which it appears that spiral etch pits originate from point defects
associated with dislocations.
On the other hand there was no evidence of pitting in chloride - 
thiourea solutions when oxygen was removed from the solution. Under these 
conditions, even though a relatively high concentration of chloride was present, the 
surface showed general attack (F ig. 4L) with well-defined facets due to the slowest - 
corroding crystal plane (Fig. 4M ).
It would therefore appear that in thiourea-chloride solutions the 
dissolution process is dominated by the thiourea. In oxygenated solutions pitting 
occurs but the type and distribution of the pits is quite different from that obtained 
with chloride alone. Under these circumstances the hemispherical pit 
characteristic of chloride attack is replaced by a pit with well defined facets. It 
is suggested that this latter type of pit is the resultant of the combined action of 
chloride and thiourea i.e . the chloride ion initiates pitting attack and the 
thiourea then controls dissolution at these sites.
CHAPTER 5
70.
THE COMBINED EFFECT OF THIOUREA AND 
ON THE ANODIC POLARISATION OF NICKEL
5 .1 . Introduction
It has been suggested in the preceding chapter that film  formation
could be a possible cause of the inhibition process at higher thiourea
concentrations. The formation of this film  - presumably a form of nickel
sulphide - implies the generation of a S - containing anion. Since the effects of
( 1)H^S alone on the anodic polarisation of nickel has already been studied 
it was considered that experiments conducted in the presence of both H^S and 
thiourea might provide more information on the possibility of film  formation.
/ I  OC 1 o < \
Published work ’ has shown that the effect of H^S in conjunction with an organic 
inhibitor is a useful approach in determining the mechanism and efficiency of the 
organic inhibitor.
5 .2 . Results
The Tafel plots determined for nickel polarised in the presence of both
H_S and thiourea are shown in Fig. 5A. The most interesting feature of these
-5results is that additions of a constant amount of H_S to S.S. and to S.S. + 10 M  
-4and 10 M thiourea produced a lowering of the activation overpotential to slightly
-4lower values than the maximum effect produced with thiourea alone i.e . 10 M
-2thiourea. The activation overpotential for nickel polarised in the 10 M thiourea 
was not significantly affected by the addition of Further, the presence of
H S produced a heavy black film  on the nickel surface during polarisation in S.S.
4 5and inS .S . + 10" M and 10 ” M thiourea, whilst the surface of the nickel polarised
-2in the solution containing 10 M thiourea + H^S remained bright.
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Discussion
Considering the results for a ll solutions containing H0S except the
-210 M thiourea solution, it is apparent that the addition of H^S caused a 
significant reduction in the activation overpotential which in each case decreased to 
a sim ilar value. This indicates a sim ilarity in mechanisms, involving the 
dissociation of H^S. The heavy black films formed on the nickel anode in these 
solutions also indicates a sim ilarity in mechanisms, involving the dissociation of 
H S. It would therefore appear that the dominating mechanism in these solutions
is due to the action of the H_S addition.
-2Considering the 10 M thiourea + H9S, although the Tafel slope has 
slightly altered, no significant reduction in activation overpotential occurred, 
indicating a different mechanism from that involving H^S dissociation. This is 
also supported by the absence of a sulphide film  on nickel in this solution. It 
therefore appears that at high concentrations of thiourea the addition of H^S has 
very little  effect on the mechanism of nickel dissolution. The absence of a film  at 
the high concentrations of thiourea suggests that the nickel surface is "unavailable’' 
to form a sulphide film  since the active sites on the nickel surface are already 
occupied. This may be due to the physical or chemical adsorption of a species 
other than H^S dissociation products . This w ill be discussed in more detail in 
a later section.
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CHAPTER 6
ADSORPTION OF THIOUREA BY A NICKEL ANODE 
DURING POLARISATION
6 .1 . Introduction
It has been postulated in previous chapters that adsorption of a
species other than the dissociation products of H_S could account for the
-4inhibiting effect of thiourea at concentrations greater than 10 M . It was
considered that, apart from examining the anodic behaviour of nickel with reference to
the Tafel relationship, further information on the effects of thiourea might be gained
by carrying out a series of experiments consisting of three stages, viz:
Stage 1: Preparation of the nickel anode as previously outlined
2and polarising at Im A/cm  for Ih  in S.S.,and in this 
solution containing the various concentrations of thiourea.
Stage 2: Washing in a strong jet of distilled water for 3 min after
the polarisation in Stage 1.
Stage 3: Immediate immersion of the nickel electrode, after washing,
in S.S. contained in a second cell, and immediate
2
polarisation at Im A/cm  , the variation of potential < 
nickel anode with time being continuously recorded.
2It was considered that the polarisation in stage 1 at Im A/cm  , the 
highest c.d . used in this study, would produce the maximum effects of thiourea 
on the nickel anode. Washing in the second stage should remove the solution from  
the nickel anode and also remove any physically adsorbed species which are only 
weakly held at the nickel surface. It was considered that any chemisorbed 
species would remain unaffected. Subsequent polarisation in the thiourea-free 
solution at the maximum current density (stage 3) should indicate any effects due 
to adsorbed species, film  formation or adherent reaction products resulting from
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the initial polarisation in stage 1. The resultant effects on the activation 
overpotential were studied by continuous potential/time plots.
6 .2 . Results
Fig, 6A shows the variation of potential with time during the 
polarisation in stage 3. In a ll cases the final steady state potential was within 
15mV of that for the nickel initially polarised in the thiourea free solution in 
stage 1 .
The curves in Fig. 6A for the nickel in itially polarised in S.S. and
in S.S. + 10 thiourea were almost identical, showing a gradual decrease in
activation overpotential with time to reach a constant value of 265mV after 3h.
-2 -3The curves for the nickel in itially polarised in the S.S. + 10 'M and 10 M
thiourea show an immediate decrease in the activation overpotential of the nickel
during the firs t minutes of polarisation, but in both cases the overpotential
gradually rose to 260 mV after 12h and 6h respectively. The nickel initially
-4polarised in the standard solution containing 10 M thiourea whilst not exhibiting
-2 -3the pronounced "negative loop" effect as with the additions of 10 M and 10 M  
thiourea became more electrochemically active during the firs t minutes of 
polarisation but soon reached a steady state value of 255mV after 2h.
6 .3 . Discussion
The E -t plot for nickel in itially polarised in S.S. was as expected,H
the activation overpotential gradually decreasing with time to a steady value. The 
fact that nickel initially polarised in S.S. + 10 M thiourea has an almost identical 
curve indicates a sim ilar mechanism suggesting that the surface of the nickel 
polarised in S.S. + 10 M thiourea is, after washing, free from any impurities 
such as decomposition products or adsorbed species remaining from the in itial 
polarisation in stage 1 .
The immediate decrease in the activation overpotential in stage 3 for
nickel in itially polarised in S. S. + 10“^M and 10“^M thiourea, is possibly due to
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a reaction between the nickel surface and decomposition products remaining from
the in itial polarisation in stage 1. However the only feasible form by which the
nickel surface could retain decomposition products from the polarisation in stage 1
is by film  formation, but no film  was noticed on any nickel electrode after this
stage. Further, if  the pronounced decrease in the activation overpotential was
due to decomposition products remaining on the nickel from the in itial polarisation,
-4then a concentration of 10 M thiourea should have the most pronounced effect,
since it has been shown that this concentration produces maximum activation of
the nickel (Figs. 4A and 4B) and hence the maximum degree of thiourea
decomposition would be expected. However it is clear that the most pronounced
decrease in activation overpotential during stage 3 occurs in solutions containing
-4concentrations of thiourea greater than 10 M . It is therefore considered that this 
effect is due to the decomposition in stage 3 of thiourea molecules adsorbed by the 
nickel during initial polarisation rather than a reaction in stage 3 of the nickel with 
decomposition products remaining from the in itial polarisation.
The gradual increase in the overpotential to a steady state value is 
due to the fact that in stage 3 there is no thiourea in the bulk electrolyte to diffuse 
to the nickel surface and so maintain the anodic decomposition process, hence the 
decomposition products diffuse away from the anode and eventually the ionisation 
reaction proceeds as in the absence of thiourea.
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CHAPTER 7
THE EFFECT OF THIOACETAMIDE AND THIOSEMICARBAZIDE 
ON THE ANODIC BEHAVIOUR OF NICKEL
7.1, Introduction
Whereas the effects of thiourea on the electrochemistry of nickel,
particularly the deposition process, have been extensively studied, as indicated in
the Literature Survey, very little  work has been conducted using thioacetamide or
(84)thiosemicarbazide. It has been shown by Watson that stresses in nickel 
deposits are related to the concentration of these compounds in a sim ilar manner to 
that of thiourea. Since these compounds have sim ilar molecular structures to 
thiourea it was considered that further information on the mechanism of the 
thiourea reaction might be gained by carrying out a sim ilar series of experiments 
to those conducted with thiourea.
7.2. Results
A ll experiments were conducted in solutions containing atmospheric
oxygen.
1. Eu / i  plots.
—ri — ----- —
Figs, 7A and 7B show the E / i  relationships for nickel polarised in
ri
the standard solution containing various concentrations of thioacetamide and
thiosemicarbazide respectively. It is apparent from these results that the nickel
electrode exhibits a sim ilar concentration dependence as shown by additions of
thiourea, although the value of the critical concentration is slightly greater for
-2thioacetamide and thiosemicarbazide. It is also apparent that 10 M 
thioacetamide has a greater inhibiting effect than the same concentration of 
thiosemicarbazide.
It appears at firs t sight that these compounds should function by a 
sim ilar mechanism to that suggested for thiourea. In order to further pursue this
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possibility, the three stage experiment discussed in Chapter 6 was conducted 
-2 -5with 10 M and 10 M concentrations of these addition agents.
2. The Three-stage Experiment
From the resultant variation of potential with time during polarisation
-2  *5of the nickel electrode in stage 3 for S.S. + 10 M and 10 M thioacetamide and
thiosemicarbazide (Fig . 7C ) it is again apparent that small concentrations
of the addition agent (10 ^M) have an almost identical effect on the potential/time
-2
relationship to that of S .S ., and at high concentrations (10 M) the significant 
decrease in the activation overpotential of the nickel anode again occurs during the 
firs t minutes of polarisation in stage 3, this effect being more pronounced with the 
thioacetamide addition.
During all these experiments no evidence of sulphide films was found, 
the surface attack being characterised by the same angular pitting attack, with 
both addition agents, as shown for thiourea in Chapter 4.
7.3* Discussion
It is apparent from these experiments using thioacetamide and
thiosemicarbazide that a definite relationship exists between their effects at a
nickel anode and that of thiourea. This is further supported by the work of 
(84)Watson . Thus it is proposed that the suggestions put forward in previous 
chapters to account for the action of thiourea are equally applicable to 
thioacetamide and thiosemicarbazide.
In considering the effects of thiourea, thioacetamide, and 
thiosemicarbazide it is worth noting that whilst molecular formulae, chemical 
properties, dipole moments are very different, a ll three compounds have one 
feature in common i.e . a molecular configuration in which there is a sulphur 
atom having a lone pair of electrons, as shown in Table 1A.
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CHAPTER 8
THE EFFECT OF CHLORIDE CONCENTRATION
8.1. Introduction
Although previous surface studies (Chapter 4) have indicated that the 
chloride ion plays a major role in the pitting attack found in solutions containing 
thiourea, no studies have been made of the role of the chloride ion on the kinetics 
of dissolution. It was therefore considered that polarisation of the nickel in the 
standard solution containing a hundredfold increase in chloride ion concentration 
to give IN  NaCl + 0.01N NiCl^ might provide further information on the role of 
the chloride ion in the presence of thiourea.
8.2. Electrochemical Studies
The Tafel relationships determined for nickel polarised in this high- 
chloride S.S. and in this solution containing various concentrations of thiourea 
are shown in Fig. 8A. It is apparent from these results that the same overall 
dependence on thiourea concentration occurs, but it appears at firs t sight that the 
activating effect at low concentrations of thiourea is diminished and the inhibiting 
effect at high concentrations is increased. However, when the activation 
overpotentials are compared with those for the standard solution (Fig. 4G) it is 
apparent that the overall process at a ll thiourea concentrations is more electro­
negative in the higher chloride solutions. Assuming that the action of thiourea is 
basically unaffected by changes in chloride ion concentration these results indicate 
that the chloride ion plays a major role in the ionisation reaction at the nickel 
anode.
8.3. Surface Studies
In order to ascertain whether the increased influence of the chloride 
ion on the dissolution mechanism as indicated by electrochemical studies was 
reflected in the type of surface attack, nickel anodes were polarised in each of
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2
the thiourea-containing high-chloride solutions for 30min at Im A/cm  and then
examined using the Vickers projection microscope. The results of these studies
-5are shown in Figs.8Bl, 2 , 3, 4. The nickel polarised in the 10 M thiourea
exhibited the angular form of pitting attack associated with thiourea action, but
in addition, there were several areas which showed typical chloride attack(Fig.8Bl).
It therefore appears that at this concentration of thiourea the chloride ion plays a
major role in the dissolution process. When the concentration of thiourea is 
-4increased to 10 M, however, the whole surface attack was characterised by the 
angular type of pitting associated with thiourea action (Fig.8B2). It is also
evident that there is an increased number of larger pits indicating a heavier attack
-5 -4than in the 10 M thiourea. At concentrations of thiourea greater than 10 M
(Fig.8B3 and 4) the pits decrease in size and distribution until only a few relatively
-2small pits are evident in the 10 M thiourea solution.
8 .4 . Discussion
It is clear that the results of the surface studies support the
electrochemical data, in that an increase in the thiourea concentration from  
-5 -410 M to 10 M results in a much heavier pitting attack indicating a more rapid
dissolution process, whereas further increases in thiourea concentration above 
-4
10 M result in a marked decrease in the pitting attack suggesting that the 
ionisation process is retarded.
It is also evident from a comparison of these results with those 
obtained in the standard solution that the higher the chloride ion concentration the 
greater the influence exerted by the chloride ion on the overall dissolution 
process.
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CHAPTER 9 
DISCUSSION
9.1. General Considerations of Electrode Processes.
When a metal is immersed in a solution of its own ions the
chemical potential of the ions in the metal lattice and in the solution w ill usually
be unequal, and the ions w ill attempt to redistribute themselves until the chemical
potentials are equal in both phases* The rate per unit area at which the ions
leave the lattice is the anodic current density ( i  ) and the rate in the opposite
a In­
direction -  the discharge reaction -  is the cathodic current density ( i  ) .
c M
During the time that the unequal currents exist the metal and 
the solution adjacent to the metal become electrically charged* This gives rise 
to an electrical double layer at the interface which produces an electric field  
normal to the surface of contact and in such a direction that the net current is 
rapidly reduced to zero, leading to equilibrium conditions in which
( i  ) = ( i  ) = ( i  ) ,,C M  a lyj o M
where ( i  ) is the exchange current density of the metallic ion* The 
0 M
potential measured under these conditions is the equilibrium potential. When the
reactants and products are in their standard states the equilibrium potential is
the standard electrode potential S ° on the hydrogen scale.
If  the electrode potential of the metal is changed from the equilibrium
value there w ill be a net anodic or cathodic current density, i.e .
( i ) =7*= (1  ) ( i ) and the electrode is said to be polarised.
a M c M °  M
When ( i  ) is greater than ( i  ) the ionisation reaction predominates and the
a M c M
metal passes from the lattice to the ionic form , i.e . it corrodes* When these
conditions are maintained, e, g. by means of an imposed anodic current, the
process is no longer under equilibrium conditions and when ( i^ ) ^  is very much
greater than ( i  ) such that ( i  ) becomes negligible, or vice versa, the 
c M c M
process is said to be irreversible and the well known Tafel relationship applies.
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The exchange current density (i0 ) , given by the Tafel
relationship, is a direct measure of the rate of the electrode reaction for any
given value of the activation overpotential and these values may be taken as a
criterion for the electrochemical activity of a system. The kinetics of
electrode reactions depend not only on concentration and chemical structure but
also on the electrical conditions in and near the metal/solution phase boundary.
Current -  potential curves show the significance of these differences with respect
to the mechanism of electrode reactions, since the characteristics of the fam iliar
polarisation curves are readily explained by well known electrode kinetics theory,
(137)It  is further considered by Hackerman that the effect of the addition of 
inhibitors on the parameters of these polarisation curves (such as slopes, 
intercepts, zero current potentials) is without question the most useful tool for 
interpreting the mechanism of inhibition.
The reaction rates of metals with aqueous solutions are controlled by 
several interdependent co-ordinated steps which can be basically divided into the 
steps involving transport and those involving activation. The transport steps may 
be controlling either in bringing the reactants to the metal/solution interface, or 
in removing products from the site into the bulk electrolyte. In the absence of 
transport control, the activation energy of the electrode process plays the major 
role in metal dissolution reactions i.e . activation control. When the metal 
dissolution rate is that produced by imposing an anodic current on a metal the 
Tafel relationship is only valid if activation control remains the rate determining 
process.
Silver shows very little  activation polarisation whilst for iron and 
nickel dissolution the activation overpotential is high. These differences in 
activation overpotentials may be discussed by considering the position of the 
elements in the Periodic Classification. The atoms of successive elements may 
be regarded as being built up of successive additions of protons and usually 
neutrons also, to the nucleus. Each proton addition w ill necessitate an additional 
electron outside the nucleus, if the atom is to remain electrically neutral.
The electrons are arranged in shells, and an atom in which the 
shells are complete displays complete stability and lacks chemical activity, e.g. 
the inert gases of Group O. In general each new electron is added to an 
uncompleted shell, and a fresh shell is not started until the existing one has been 
completed. In certain cases, however, a more stable arrangement is obtained 
if a shell is started before an inner shell is completed. The elements to which
/I OQ\
this condition applies are generally termed the Transition Elements, but Evans
considers it better to call them abnormal elements. These elements are often
described as possessing an incomplete d-band of electrons. P io n te lli^^ ’
(141)making use of Pauling's idea has classified the elements into three groups on 
this basis and emphasised the contrast between their electrochemical 
behaviours. This classification is shown in Table 9.A.
TABLE 
9.A .
This classification is by no means rigid and depending on electrolyte conditions 
the intermediate metals can behave as normal or abnormal.
In general the normal metals have low melting points and a 
predominantly long range and weak electrostatic type of bonding and a large 
atomic volume. These factors may lead to a low and flat energy curve for the 
ionic work functions and hence to low activation energies for ionic transitions.
Thus the normal metals exhibit ionic exchange current densities of about
-3 210 A/cm  or greater.
The abnormal metals have predominantly short range covalent
type of bonding, a small atomic volume and high melting points. These
characteristics may dictate a rather steep potential energy curve for the ionic
transitions, resulting in high activation energies. The abnormal metals show
-9 2very low ionic exchange current density of the order of 10 A/cm  . Thus a 
strong field is needed to force the atoms or ions of an abnormal metal across the
............
Normal
sJ Pb Hg T1 Cd Zn Sn
Intermediate | Ag Au Cu Bi As Sb
Abnormal J Fe Ni Co Pt Pd Cr
metal/solution interface, so that both for the anodic and cathodic dissolution 
reactions a much larger shift of potential in one direction or the other is needed 
to produce a given current density* Sim ilar suggestions have been put forward
/ i m
by Wesley who considers that the large overpotential required for the 
dissolution of nickel, and probably other transition metals may be due to the 
necessity for the electrons in the d -  band of the metal to undergo rearrangement 
in order to form the complex aquo -  ion in the solution.
9 .2 , The Effect of the Chloride Ion on the Anodic Polarisation of Metals.
The effect of some anions, particularly the halogen ions, in
accelerating the anodic reaction especially their effect on selective sites as in
(142)pitting type corrosion has been extensively studied. Petrocelli considers
that the effect of the anion on the potential energy curve is significant and cites 
(143, 144)Randles who suggests that the lowering of the activation energy of zinc
in the presence of chlorides, bromides, iodides, is due to the increasing covalency (
of bonding between the surface metal ion and the adsorbed ion, thereby favouring
the passage of cations through the double layer. Evans^13^  considers that
chloride ions moving under a potential gradient, try virtue of their negative charge, jj
w ill tend to displace the phalanx of orientated water molecules, and thus alter
(145) !the conditions in a sense unfavourable to film  formation. Whereas Pryor j
considers that the effect of ionic size and charge are important, chloride ions |
being small and negatively charged set up intensive localised electrical fields at
the places where they are attached and thus draw ions through an oxide film . In j
(146)his classical work on polarisation curves, Piontelli found that chlorides 
diminish polarisation not only of the anodic process but also of the cathodic 
process. He suggests that the catalytic activity of chlorides is due to the 
deformability of the ions. He defines deformability as the power of the j
distribution of the electric charges within the ion or atom to become modified j
with the conditions. The deformability is high with the chloride ion.
Cartledge^5^  attributes the effect of chloride ions (and also the sulphide ion) 
to the influence of the electrostatic field set up by the negative charge at the
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site of adsorbtion which he considers w ill influence the activation energy for 
the electrode processes and facilitate the formation and dissolution of metal 
cations.
The well known difficulty of obtaining and maintaining passivity 
in chloride and other halide solutions has been attributed ^  20 22 * to
the fact that halide ions are strongly adsorbed by most metals and have a strong 
complex forming tendency with many cations. Thus removal of a lattice cation 
already partly complexed with adsorbed chlorides e tc ., may well be kinetic ally 
easier than oxide film  formation. It has further been found that the chloride ion 
is more effective than any other ion in promoting the destruction of pre-existing 
la y e rs ^ ^ , Evans further suggests that in the case of metals having an 
oxide film , the chloride ion may be introduced into the lattice of the film  thereby 
controlling some of the sites normally occupied by 0 causing cation sites to 
become vacant in order to preserve the overall electrical neutrality. Thus ions 
would be able to more easily move through the film  promoting active anodic
conditions at selective sites until the film  finally becomes non-protective.
<5 >Thus Uhlig considers that according to the oxide film  theory, the 
chloride ion easily penetrates the oxide destroying its protective qualities, and 
according to the adsorbed film  theory, the chloride ion in competition with the 
hyroxyl ion adsorbs on the metal surface simultaneously increasing the value of 
the exchange current density for dissolution compared to the characteristically 
low exchange current density when oxygen is adsorbed.
It  is apparent that although there is general agreement that the 
reduction of the activation overpotential in the presence of the chloride ion is an 
activation controlled reaction, the actual mechanism involved is still a matter 
for discussion.
The results for the effect of chloride ion concentration on the 
anodic polarisation of nickel, obtained during the preliminary studies 
(Chapter 3) of the present research, are in general agreement with this model. 
However, it was shown in these preliminary studies that in the weak chloride
91.
solutions (0.01N) vigorous agitation caused a significant rise in the overpotential.
It is possible that this is due to a substantial decrease in the chloride ion 
concentration at the metal/solution interface and the more ready transport of 
hydroxyl ions into the double layer. Although in the weak chloride solution 
agitation raised the anodic potential to values within the expected passive region
i.e . + 600/+800mV N .H .E ., it is considered that this substantial rise in the over- 
potential which was accompanied by rapid oscillations in potential, was not due to 
a passive film  being formed on the nickel surface; since on cessation of the 
agitation the oscillations stopped and the potential immediately reverted to the 
value obtained before agitation. If  a passive film  was formed during agitation then 
on ceasing agitation a time lag would be expected while the film  was removed and the 
nickel surface reverted to its condition before agitation. No time lag was shown 
at any measured potential irrespective of whether the potential during agitation 
could be considered to be in the passive or active region.
It is thus considered that the rise in potential on vigorous agitation 
is associated with the maintenance of hydroxyl ions at the metal/solution interface, 
by a continual adsorption - desorption mechanism which ousts the chloride ions 
from the double layer and prevents them from taking an active part in the 
ionisation mechanism. On ceasing agitation the process is reversed and the 
chloride ion rapidly replaces the hydroxyl ions in the double layer. This agrees
/ |  Q O \
with the suggestions of Evans who considers that chlorides oust the orientated 
phalanx of water molecules from the metal/solution interface. The fact that 
vigorous agitation has no effect when the chloride ion concentration is increased 
onehundredfold to 1M, indicates that even under conditions of extreme agitation, 
at this concentration the chloride ions are not ousted from the double layer and 
hence the overpotential remains constant. This gives further support to Evans* 
hypothesis. However it must be noted that these results indicate that the form of 
passivity that takes place on agitation of the weak chloride solution is obtained 
through an adsorption mechanism rather than film  formation.
The Tafel plots obtained for the polarisation of nickel in the
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deoxygenated low chloride (0.01N) standard solution are in close agreement with
(14) (15)those obtained by Hollnagel and Landsberg and Kronenberg in their work
using more refined transient techniques (Table 4C), particularly the values of
the Tafel slopes. Although the quoted exchange current densities vary they are still
-9 2 (139 140)of the same order of 10 A/cm  as expected from Piontelli's classification *
of nickel as an abnormal metal, A hundredfold increase of chloride ion
concentration in the standard solution although producing a greater value for the
exchange current density for nickel gives the same Tafel slope as that obtained with
the low chloride standard solution. Thus indicating that although the rate of nickel
ionisation increases at higher chloride ion concentrations, the reaction mechanism
remains the same.
/ t  f l \
According to Wesley the process of nickel ionisation involves two 
significant stages,
1 . the re-arrangement of atomic cores in the metal lattice to 
give the most suitable electronic configuration for subsequent 
ionisation;
2 . removal of nickel atoms from the lattice as solvated ions, via 
an adsorption mechanism.
It is considered that the present results indicate that the chloride 
ions function by displacing the hydroxyl ions at the metal/solution interface and thus 
lower the activation energy for the transfer of nickel from the lattice to the ionic 
state. The sim ilarity between the values of the Tafel slopes found during the 
present work and those of Hollnagel and Landsberg^^, and Kronenberg et a l ^ \  
suggests a sim ilar type of mechanism in a ll cases. Since both these schools have 
deduced from their results that the chloride ion functions by an adsorption 
mechanism, it appears that the value of the Tafel slope in the present work also 
suggests an adsorption mechanism. However the experimental results obtained 
in the present work do not permit any further postulations as to the specific 
mechanism for the action of the chloride ion on the anodic dissolution of nickel.
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9.3 . The Effect of Thiourea, Thioacetamide, and Thiosemicarbazide 
on the Anodic Polarisation of Nickel
It is apparent from the E / i  determinations that the addition of
ri
various concentrations of the thio compounds to the standard solution produces 
two different effects on the anodic polarisation of the nickel electrode,
(a) an increase in activation of the nickel dissolution process at
low concentrations of the addition agent, and ij
(b) a form of inhibition at higher concentrations.
This is best illustrated by considering the relative effect of these addition agents
on the anodic polarisation of nickel as given by the relationship,
(Equation 1) 1
i ^
A E = E_ . - E,^ . Where E„ . is the potential at a given Std Thio Std
current density for nickel polarised in |he j i
standard solution in the absence of thio j
compounds and E ^ ^  is the potential at 
the same current density for nickel ■ 
polarised in the standard solution in the 
presence of thio-compounds.
; !
The value of A  E determines the degree of deviation from the set standard j |
conditions and thus indicates the relative effect of the thio compounds. The ||
variation of A E with concentration of the thio compounds for the standard solution □ 
2
at Im A/cm  is shown in Fig. 9A. Considering the plot for the thiourea additions, 
the part of the curve PX indicates an activating mechanism. The section XZ  
indicates a relative decrease in the ionisation process i.e . an inhibition process.
The point X indicates the critical concentration at which the inhibition effect 
becomes evident. If  the activating mechanism ceased at this critical concentration 
and was displaced by the inhibition mechanism a sudden drop in A  E at the i |
■ i
critical concentration would be expected. Since the value of A E gradually 
decreases with increasing addition agent concentration above the critical 
concentration, it is considered that both the inhibition and activating mechanisms
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occur simultaneously at these concentrations. If  A  E attained a negative value 
this would indicate that the system was less active than in the original standard 
conditions and this would represent positive inhibition. Fig. 9A shows that the 
critical concentration is different for the three thio compounds but it is apparent 
that the same dependence on addition agent concentration is evident and that both 
activation and inhibition occurs.
Although the following discussions w ill be largely confined to the 
action of thiourea it is considered that the points made are equally applicable to 
a ll three addition agents.
9 .3 .1 . Activating Mechanism
It is evident from the E / i  curves that the addition of smallH
concentrations of the thio compounds, up to a critical concentration, causes the
considerable lowering of the activation overpotential for the ionisation of nickel.
The results of the three stage experiments, conducted with addition agent
-5concentrations in the active region (i.e . 10 M), has shown that there is no 
retention by the nickel anode of any surface products, due to either thio-compound 
decomposition or to the formation of products of the nickel ionisation reaction.
Thus it is considered that the activation mechanism of the thio compounds is one 
which substantially decreases the activation energy necessary for the ionisation of 
nickel without the formation reaction products or adsorbed species which would 
impede the ionisation process.
It is difficult to envisage a reaction involving a large undissociated 
molecule ^g. thiourea) or complex formation between nickel and thiourea which 
could produce the decrease in activation energy for the ionisation of nickel of the 
magnitude obtained at small concentrations of the three addition agents studied.
It is considered more likely that the anode process involves the breakdown of the 
thio compound to give a molecularly smaller and highly active ion. Evidence of 
the anodic decomposition of thiourea is shown by the thin surface films found in 
de-oxygenated solutions containing thiourea. Dissolution of these films in 
hydrochloric acid gave H9S as a product, thus indicating a sulphide film , which in
turn indicates the generation of a form of sulphide ion as a product of thiourea
(96)decomposition. Edwards during radiotracer studies on the effect of labelled
thiourea on nickel electrodeposition found .that there was clear evidence of thiourea
decomposition occurring at the anode as well as the cathode. He also postulates
the generation of sulphate or sulphite ions as possible decomposition products and
further considers that if the decomposition product was a small molecule (such
as H^S) this could account for an increase in cathodic reactivity (decrease in
cathode overpotential) in the presence of thiourea. He concludes that the products
of anodic decomposition would result in the rapid incorporation of sulphur in
(148)cathodic electrodeposits of nickel. Antropov also considers that thiourea is
not stable in acid solutions and yields HS and S as products of decomposition.
It is therefore considered that the significant lowering of the 
activation energy for the ionisation of nickel at low concentrations of the three 
thio-compounds studied is caused by the reaction of nickel with highly surface 
active ions, probably HS or S , produced by anodic decomposition of the thio 
compounds, rather than by a mechanism involving a large molecule or the 
formation of a nickel/thio complex.
A survey of the relevant literature indicates that there are three 
major stages which can control the nickel ionisation process.
1. Re-arrangement of atomic cores in the metal lattice to give the 
most suitable electronic configuration for subsequent ionisation.
2. Removal of suitable atoms from the metal lattice to half lattice 
positions as partially solvated atoms.
3. Formation of an ion by completion of the solvation step.
(149 150)In addition to this mechanism Gerischer * points out that under strong 
electrical polarisation it is possible to obtain a direct reaction path from the atom 
in metal lattice to the fully solvated ion, without the intermediate formation of an 
adsorption complex. Since the rate of step 2 can only be altered appreciably 
by changes in concentration of the "half lattice" atoms, step 3 is considered 
(16, 149, 150) ke foQ glow step in nickel ionisation. However Lyons^122^
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ascribes the high activation overpotential observed in nickel electrodeposition
to the considerable re-arrangement of electron structure which is necessary in going
from the bivalent ionic form of the hydrated nickel ion to the most stable form of
atomic core in the metal. A sim ilar re-arrangement (step 1) is required in going
(16)from the metal lattice to the ionic state. Thus Wesley considers that the 
principal requirement to make nickel more reactive is the introduction of a 
m aterial which can catalyse the re-arrangement of the atomic structure of the 
nickel atom core.
If the postulated decomposition products of the thio compounds 
function by an adsorption mechanism completing the solvation stage (step 3), only a
relatively small decrease in activation overpotential would be obtained (cf.
(14) (15)Hollnagel and Landsberg , and Kronenberg et al on the effects of the sulphate
ion and chloride ion on the anodic polarisation of nickel). The substantial lowering
of the activation overpotential in the present studies suggests a more drastic
reaction. A possible mechanism could be the direct reaction path from the
lattice atom to the solvated ion without the intermediate adsorption stage.
Hackerman and C o o k ^ 1  ^have suggested this type of reaction to account for the
activating effect of small concentrations of thiourea used as an inhibitor for the
acid dissolution of mild steel. A reaction involving the re-arrangement of atomic
cores, as suggested by W e s le y w o u ld  also produce a substantial lowering of the
activation overpotential and cannot be disregarded.
It is considered that the present results cannot be further interpreted
at this stage other than by suggesting that a dissolution process of the direct
reaction path type could account for the significant lowering of the activation
overpotential for the nickel ionisation reaction in the presence of small
concentrations of the thio compounds used. Although a catalytic re-arrangement
of nickel atom cores is also a possible reaction mechanism there is insufficient
electrochemical evidence from the present results to support this.
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9 .3 .2 . The Inhibition Mechanism of the Thio Compounds
As previously shown, at concentrations of the thio compounds 
greater than the critical value the activating effect is greatly reduced. This is 
not true inhibition as the corrosion rate is not reduced to values below those of the 
standard conditions. However in view of the activating effect of low concentrations 
of thio compounds this effect at high concentrations can be regarded as having 
inhibition characteristics and w ill be referred to as an "inhibiting effect".
There are several possible mechanisms which can be put forward 
to explain the inhibitive action of thiourea at high concentrations. It is considered 
that an undissociated molecular additive would be hardly likely to retard one of 
the stages of the overall ionisation process. A more reasonable assumption is that 
although the dissolution mechanism remains unchanged there is a reduction of the 
surface area at which the ionisation reaction occurs. This reduction can be 
effected in two ways,
(a) by the formation of a compact adherent film , and
(b) by adsorption,either physical or chemical.
Considering firs t the possibility that film  formation is
instrumental in the inhibition process.
It has been previously reported that in de-oxygenated solutions
containing high concentrations of thiourea, the nickel surface had thin sulphide
film s. Prolonged polarisation at the maximum current density in solutions containing
-2atmospheric oxygen with 10 M thiourea additions also resulted in the nickel being 
covered with a black film ; dissolution of this film  and examination of the surface 
showed heavy angular pitting of the type shown in Fig. 4F.
Although a sulphide film  has been found under certain conditions, 
which could indicate that film  formation is instrumental in promoting the inhibitive 
process, there are several facts which cannot be accounted for by film  formation:
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(a) The experiments using thioacetamide and thiosemicarbazide showed
the same dependence on addition agent concentration and produced
qualitatively identical results to those obtained with thiourea for the
three stage experiment - no visible film  formation was detected.
-5 -4(b) Although the addition of H^S to S.S. and to S.S. + 10 M and 10 M
thiourea, produced a heavy black film  on the nickel surface the
corrosion rates in these solutions were higher than with the maximum
effect of thiourea alone. Dissolution of this heavy film  revealed an
evenly etched nickel surface. On the basis of certain theories of
electropolishing it is considered that random dissolution requires
the formation of a film  at the metal/solution interface. Thus it
would be expected that a non-faceted surface would be expected if  a
sulphide film  is formed. It is difficult to account therefore for the
-2angular pitting found under the film  formed in the 10 M solution 
containing thiourea and also the highly faceted surfaces (F ig .4M l,2 ) 
found in de-oxygenated solutions.
(c) Probably the most significant feature which precludes film  formation
as the possible inhibiting process is the effect of the H S additions
2
on the polarisation of nickel in the 10 M thiourea solution.
Although the Tafel slope is slightly altered by the addition of H2S,
no significant reduction in the activation overpotential occurs
comparable to that obtained when the same amount of H9S was added
-5 -4to S.S. and S.S. + 10 M and 10 M thiourea. Further the heavy
black film  found on nickel polarised in these latter solutions was
-2absent from nickel when it was polarised in 10 M thiourea + H^S.
These factors suggest that at high concentrations of thiourea the
nickel surface was "unavailable" to the dissociation products of
H S, either to form a film  or to take part in a reaction promoting the 
2
ionisation of nickel. From these considerations it is apparent 
(Fig. 9A) that additions of H_S to the thiourea-containing solutions 
in the activation region PX, further promotes the ionisation of nickel.
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Whereas in the inhibiting region XZ, the addition of H^S has very little  effect in 
promoting nickel dissolution.
Thus whilst the formation of a sulphide film , due to the reaction of 
thiourea at a nickel anode, may occur it is not considered that this is the main 
cause of inhibition.
Considering now the possibility of an adsorbed species as the 
inhibiting agent.
Adsorption can be both physical and chemical in nature. Physical
adsorption is due to either Van der Waals forces or electrostatic forces whilst
in chemisorption an actual transfer of charge or sharing takes place between a
(133)species in solution and some lattice unit. Hackerman and Makrides in 
considering polar compounds suggest that the forces necessary for physical 
adsorption are of little  importance. The process of physical adsorption is 
reversible, adsorbed species being readily removed by simply removing the 
species - from the solution, whereas the removal of chemisorbed species requires 
a more drastic tre a tm e n t^ ^ . The results of the three-stage experiment rules 
out the possibility of physical adsorption since the nickel was still active during 
the final polarisation in S.S. indicating a surface reaction with a species 
remaining from the initial polarisation. It should be noted that the specimen 
was washed in a strong jet of water, which was considered sufficient to remove 
any physically adsorbed species, prior to the final polarisation.
The chemisorption bond which forms between surface atoms and 
inhibitor molecules involves prim arily electron availability and orbital
/ 1 c i  1 c c \
character. Hackerman et al have discussed this type of bonding and
the characteristics associated with it in numerous papers and they consider that 
the inhibitor can act as an electron donor with the metal as acceptor, or vice 
versa. For most practical cases to date the inhibitor acts as the donor. The 
ability of a molecule to act as an electron donor depends on the presence of free 
electron pairs in the valency shell, since it has been sh ow n ^^ that the ability 
to form a relatively strong chemisorbed bond disappears if the structure of the 
molecule is such that the normally active element is associated with a completely
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shared electron octet. This effect is particularly marked in the case of 
catalyst poisons of the sulphur or phosphorus c lass ^ *^ . C ile n to ^ ^  has 
shown that 3d orbitals are utilised in certain sulphur compounds to take part
(152)in sigma bonds and localised or delocalised pi bonds. It has been suggested
that the decidedly superior corrosion inhibitive properties of certain sulphur-
containing compounds compared to those of nitrogen containing compounds, is due
to the fact that the sulphur atom has two electrons available for co-ordination,
whereas nitrogen has only one. Consequently sulphur is a better electron donor
than nitrogen - a property which is reflected in its greater tendency towards
(152)co-ordination. They further consider that the corresponding oxygen 
compounds are poor inhibitors since oxygen does not function so readily as an 
electron donor in co-ordinate bond formation and thus conclude that the thioureas 
are better inhibitors than ureas arid that thiocyanates are better than cyanates.
The results of the present work have revealed a qualitatively 
identical dependence on addition agent concentration with all three thio compounds 
used, thus inferring a common feature. Whilst molecular size, weight, 
formulae, chemical properties, physical properties, dipole moments etc. are 
very different, a ll three agents have one dominant feature in common i.e . a 
molecular configuration in which the sulphur atom has a lone pair of electrons, 
and hence a strong tendency towards the formation of chemisorption bonds.
Apart from the electron structure of the adsorbed group the other 
main factor which can critically influence the extent of chemisorption is the nature 
of the metal. Residual valencies at the metal surface are insufficient for strong 
chemisorption, in addition, unfilled atomic orbitals are required, these being 
principally of d character. Transition metals provide typical examples of this 
type of bonding.
It has been show n^^ that in the nickel metal lattice the configuration
(122)of atoms fluctuates between three different structures. On this basis Lyons 
and W e s l e y h a v e  postulated that considerable rearrangement, involving 
electron transfer from the 3d level is required during the nickel ionisation
102.
process. The latter considers that the fraction of surface atoms of a given
configuration might be powerfully affected by adsorption of ions which could
stabilise or bind the d-band holes and prevent them from being transferred from
one atom core to the next. It has also been postulated^* that the supression
of catalytic activity of a typical transition element, particularly by catalyst
poisons of the sulphur type, involves electron transfer into the d-band of the metal,
and it is further considered by no means improbable that the poisoning process
includes essentially the elimination of the d-band deficiency. This has received
i i \
experimental support from magnetic susceptibility measurements
It is thus considered that the inhibiting effect at concentrations of 
the thio compounds greater than the critical value is due to the chemisorption of 
the thio compounds by the nickel surface which substantially reduces the area at 
which the ionisation of nickel can take place.
Surface Studies
The most significant feature of the surface studies is the effect of 
thiourea additions on the chloride pitting attack. From the literature it appears 
that the surface heterogeneities that form possible pit-sites can be enumerated 
as follows:-
(a) dislocations that extend into the bulk of the metal,
(b) dislocations produced by mechanical damage,
(c) surface irregularities such as pits, growth or 
cleavage steps,
(d) vacancy clusters,
(e) discontinuous surface layers such as oxides.
Although these factors may determine whether or not a pitting attack is possible
it is almost universally accepted that halide ions are a necessity for pitting
attack to o c cu r^ ^ ’ There have been many theories put forward to
explain pitting attack in chloride solutions. A substantial review of this
(159)subject has been carried out by Greene and Fontana and more recently
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S h re ir^ ^  has given a general synopsis of the proposed mechanisms. In 
general Hoarfe autocatalytic th e o ry ^  ^  has gained the widest acceptance. This 
theory postulates that in chloride solutions the chloride ion migrates to the anode 
areas and causes a decrease in pH, if the pH is reduced sufficiently the metal 
dissolves as a soluble salt instead of forming a protective film . The process is 
autocatalytic because increasing acidity at the anodic region increases the rate of 
dissolution, which in turn increases the acidity. Although the mechanism of 
pitting is far from being fully understood, it is generally accepted that pitting 
corrosion is an electrochemical process as opposed to a purely chemical one.
/158\
Potentiostatic studies by Franck indicate that the potentials of
the anodic and cathodic areas of a metal undergoing pitting corrosion differ
appreciably owing to the high electrical resistance of the film  of solution at the
pit/solution interface. The resistance results from the inability of the anodic
products to diffuse rapidly away from the pit. In the pit an electropolishing
- I  2process takes place which keeps the current density constant (3 x 10 A/cm  ) 
and independent of potential. Under these circumstances the potential within the 
pit is maintained within the active region, while the potential of the surrounding 
metal surface is kept within the passive region. This'resistance polarisation* 
concept explains why pit growth is independent of potential, as changes in the 
resistivity of solution at the pit/solution interface w ill maintain the potential 
within the pits at a constant value.
Although the present work has involved pitting attack by the chloride 
ion, no work has been directed towards investigating the mechanism of pitting 
attack by this ion. Pitting attack by the chloride ion has been used as a tool to 
establish the relative action of the thio compounds and so it is considered that 
the present work does not lend itself to postulations on the mechanism of chloride 
pitting attack. What is of interest is the change in pit shape due to thiourea 
action and the type of dissolution mechanisms associated with the pit shapes.
The association of dislocations with etch pits has received much 
a t t e n t i o n 165)  ^ Edeleanu and G ib so n ^^  point out that it is difficult
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to see why geometric pits should form at clean dislocations. Whereas 
(164)Faust considers that geometrically shaped pits can be formed at dislocations, 
and considers that the shape of the pit is dependent on the relative etch rates 
along the dislocation. However the form er authors suggest that if the 
surface is a random one, as soon as corrosion starts facets of the slowest 
corroding surface tend to develop, as in Fig. 4M, and that it is difficult to 
interpret these structures in terms of dislocations. Whether or not pits are 
formed at dislocations in pure metals the fact remains that the addition of 
thiourea to the solution alters the pit shape and thus the type of dissolution 
mechanism.
The morphology of the typical chloride pit suggests a uniform 
dissolution mechanism within the pit, a ll the pit surface dissolving at the same 
rate in order to give a hemispherical shape. The pits produced in the presence 
of thiourea have clearly defined facets which indicates an attack in which the planes 
of the nickel dissolve at varying rates so that the slowest dissolving plane forms 
the pit sides. In the absence of chloride ions thiourea does not promote pitting
attack. This was established by examining nickel specimens after polarisation
2 -4 -2for 30min at Im A/cm  in a nickel sulphate solution containing 10 M and 10 M
additions of thiourea, adjusted to pH 2.5 with sulphuric acid. In both concentrations 
general attack occurred with no evidence of pitting. Thus the pitting attack in 
the presence of thiourea in chloride solutions indicates that the chloride ion plays 
a major role in the dissolution mechanism. However polarisation studies in 
the de-oxygenated chloride solutions containing thiourea showed no evidence of 
pitting attack and the nickel corroded generally. Hence any mechanism of 
pitting attack in chloride + thiourea solutions must be able to account for both 
chloride pitting attack and the general type of attack due to thiourea action 
within the pit.
Polarisation studies show that activation of nickel is more 
sensitive to increase in thiourea concentration than chloride ion concentration, 
which indicates that the action of thiourea on the dissolution mechanism is more
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powerful than the chloride ion. It is thus considered that in the standard 
solution containing oxygen, the chloride initiates attack at certain sites and then 
the more aggressive action of thiourea (or more probably the decomposition 
products of thiourea) promotes dissolution at these sites. It is generally 
accepted that once attack is initiated at a site fa r less energy is required to 
continue dissolution at the site than to initiate attack at a new site, particularly 
in the presence of an oxide film . It is therefore anticipated that the activating 
action of the thiourea is concentrated at these sites. In de-oxygenated solutions, 
although a significant concentration of chloride is present, general attack occurs. 
This indicates that the dissolution mechanism is dominated by the thiourea 
although the absence of oxygen, and the consequent inability for the film  to 
repair itself, must also be a contributory factor.
It is considered that this type of mechanism is compatible with the 
studies in the higher chloride standard solution (Chapter 8). In solutions 
containing low concentrations of thiourea the chloride ion concentration is large 
enough to maintain attack within the pit, thus retaining the characteristic 
hemispherical shape. However an increase in the thiourea concentration to
-4
10 M results in thiourea, rather than chloride, dominating the attack, as 
shown by the change in pit shape.
It is therefore concluded that the mechanism of attack in chloride 
solutions involves the initiation of attack by the chloride ion, followed by control 
of the subsequent dissolution process by thiourea.
9 .5 . Comparison of the Anodic and Cathodic Effects of Ihiourea
As indicated in the Literature Survey previous work done on the 
effects of thiourea on the cathodic electro-deposition of nickel has shown a strong
/ /  A\
concentration dependence. Although Hoar has pointed out that the anodic 
stimulator can hardly be the same entity as the cathodic inhibitor, Hackerman and 
H u rd ^ ^  consider that due to chemisorption both the anodic and cathodic half-
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reactions should be hindered. It was therefore considered of interest to compare 
the concentration effects found during the present work with the results on the 
cathodic effects of thiourea. This is best illustrated by again using the 
relationship expressed in equation 1 i. e. A  E = ^  ^  ^
value of the respective property (cathodic polarisation, stress, levelling, etc.)
obtained in the absence of thiourea additions is given by and in the presence
of thiourea by E_„ . . Thus A  E determines the deviation from the set '  Thio
standard conditions and indicates the relative effect of thiourea on the respective
property. The values of A  E for cathodic polarisation (negative in this case)
(84)stress, levelling, transposed from the results of Watson an(j Watson and 
Edwards , plotted against the logarithm of thiourea concentration are shown 
in Fig. 9B. The results of the present work are also shown for comparison.
It should be noted that whilst several papers have inferred the 
concentration dependence of thiourea action, the papers referred to are the only 
ones which could be found in the literature containing actual values for the action 
of thiourea concentration cn the properties of nickel electrodeposits.
It is immediately apparent from Fig. 9B that a sim ilar concentration 
dependence on thiourea is evident in a ll the electrode properties studied, all 
curves exhibiting a maximum at a critical concentration. It is apparent that 
the maximum must be due to a change in mechanism - probably resulting from a 
change in the active species concerned in the particular property studied. At 
concentrations below the maximum (low concentrations) it is considered that 
thiourea per se is not the active species and that the effects observed are due to 
dissociation or decomposition products of thiourea. It w ill appear from the 
above considerations that above the critical value the effect of thiourea on the 
anodic polarisation of nickel can be explained in terms of chemisorption of 
thiourea at the nickel surface. It is also suggested that above the maximum the 
marked sim ilarity in the dependence of both the anodic and cathodic properties 
of nickel electrodes on concentration of thiourea indicates that a chemisorption 
mechanism plays a major role in both these processes. Postulations of this
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nature have been put forward to explain the effects of thiourea concentration on j
levelling and cathodic polarisation^^. However recent Russian work^ 11 j
using chemical analysis, has claimed that 90% of the sulphur occluded in nickel j
electrodeposits obtained from solutions containing thiourea is present as the 
sulphide, and sulphur to carbon ratios of up to 12 : 1 have been reported. This 
indicates decomposition of thiourea followed by direct chemical reaction of sulphur
species with nickel. It is obvious that these results are not in keeping with the
■
view that thiourea is adsorbed in an undecomposed form . The fact that the
effects of thiourea concentration on the anodic and cathodic properties are sim ilar
gives a strong indication that thiourea decomposition below the maximum and j
chemisorption above the maximum occurs. Additional support for this
postulate is also evident when considering the effects of thioacetamide and j
thiosemicarbazide on the properties of nickel electrodeposits. Unfortunately j
once again very little  work has been done in this field. The only reference
(84)containing actual values is that of Watson who studied the effect of these reagents ||;
on stress in nickel electrodeposits and found the same concentration relationship jj
with both addition agents as shown for thiourea in Fig. 9B. Although fi
results are not available, it is anticipated that the effect of these compounds on
cathodic polarisation and levelling would show the same type of dependence on
their concentration in solution as shown for stress and anodic polarisation, and |j
that a sim ilar mechanism w ill be involved. j
I:
The fact that this maximum has been observed in cathodic processes j
precludes any mechanism for anodic processes based on an oxide film . j
It is thus concluded that these thio compounds at concentrations |
f
greater than the critical value act at nickel electrodes by a mechanism involving |
a strong chemisorptive link with the nickel surface. At concentration below |
I
the maximum the mechanism must involve thiourea decomposition. I
9 .6 . Proposed Classification of Sulphur Compounds
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Since the whole aspect of the present research has hinged on the 
postulation of a chemisorption mechanism as an integral part of the electrode 
reactions of the thio compounds used, it was considered of interest to compare 
the effects of various concentrations of other sulphur compounds on both the anodic 
and cathodic properties of nickel plotted on the basis of Fig. 9B. These results, 
taken from the available literature containing actual values for the respective 
processes, are shown in Fig. 9C. The effects of sodium thio sulphate and 
saccharin on the anodic polarisation of nickel in the standard solution were 
determined using the apparatus, experimental techniques etc. previously described 
in this thesis.
Comparing Fig. 9C to Figs. 9A and 9B it is apparent that there are 
two noticeable features:
1. The sulphur compounds used in Fig. 9C show no concentration 
dependence of the type found with thiourea.
2. There appears to be three categories of sulphur-containing 
addition agents:
(a) those which produce a pronounced continuous deviation 
from the set standard conditions in the respective 
property on increase in concentration i.e . H^S,
Na2S2°3
(b) those which produce an increasing deviation from the 
set standard contitions up to a critical concentration 
when the effect is at a maximum. Subsequent increase 
in concentration produces a reversal in the effect 
(stress, polarisation, levelling etc.) i.e . thiourea, 
thioacetamide
(c) those which produce relatively small continuous 
deviations from the set standard conditions on increase 
in concentration i.e . saccharin.
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■ (84,86,167) „Several general classifications of many types of
addition agents have been made in attempts to relate inhibiting properties,
effects on polarisation, stress, brightening etc. to various fundamental properties
of addition agents e .g . molecular size, weight and area, dipole moment, number
of electron pairs etc. .  These have permitted some generalisations of addition
(137)agent action. More recently efforts have been directed towards the 
effects of molecular structure on inhibitor efficiency with particular reference to 
the effects of electron density, electronic configuration, and bonding 
characteristics for specific classes of compounds such as amines or cyclic 
imines.
With reference to the present work, apart from the previous 
generalisations which have been applied to some of the sulphur compounds used, 
the only suggestions towards possible specific classifications have been based
on the position of the sulphur atom in the m o lecu le^^  or the possible effect
. (84)of certain atomic groupmgs
Careful consideration of the above classification in relation to 
Figs. 9B and 9C (see beginning of this section) reveals that the various effects 
of addition agent concentration are related to electron bonding, and thus the 
reactivity of the sulphur atom in the respective molecule. The suggested 
classification of sulphur compounds is as follows:
Class (a): - The compounds in this class ionise in solution producing
distinctive anions and cations. The sulphur atom is in 
all cases contained in the anion, which is able to take 
part in co-ordination and covalency linkage to form a 
true chemical bond with the metal surface.
Class (b):- The effect produced by these compounds is characterised 
by a rise to a maximum and then a sudden decrease with 
concentration. At concentrations below the maximum 
the effect is sim ilar to that produced by compounds of 
Class (a) - it is suggested that the ionic species containing
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sulphur are produced by decomposition at the 
electrodes. Above the maximum the effect of the 
undissociated molecule, which can act as an electron 
donor due to a lone pair of electrons on the sulphur atom, 
predominates. In this case no true chemical bond is 
formed but a donor/acceptor relationship with metal 
atoms or ions takes place resulting in chemisorption 
or co-ordination complexes respectively.
Class (c): - In this case the compound may ionise, or may remain as an 
undissociated molecule, In either case the sulphur atom 
is completely tied up within the anion or molecule, and the 
sulphur takes little  or no part in reactions in solution nor I
acts as an electron donor in organo-metallic reactions at 
a metal surface e.g . during inhibition.
The reactivity of the sulphur containing anions produced by the 
dissociation of Class (a) compounds is essentially due to the sulphur atom. It 
is known that such anions are extremely reactive and hence their presence would |
be expected to accelerate an electrochemical process. This is clearly shown by the j
effect of this class on both th e  a n o d ic  and cathodic polarisation of 
nickel where the activation overpotentials are significantly lowered. The |
formation of a compact film  or strongly adsorbed species which would physically 
prevent their chemical interaction with the metal surface w ill tend to lim it this 
activation process.
Apart from the electron structure of the donor group a major \
factor in chemisorption is the necessity for unfilled d-bands in the metal acceptor. 
Thus whilst Class (b) compounds might be expected to produce sim ilar results 
with other transition metals, their reaction with metals having completed d-bands, 
such as zinc, would not be expected to be of the same character. A further 
lim itation w ill be that imposed by any reactions or donor tendencies involving i
the part of the molecule which does not contain the sulphur atom. In this |
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respect it is widely known that the more complex substituted thioureas, whilst 
exhibiting the same general tendencies, do not always conform to the same 
pattern of electrochemical behaviour as the simple thiourea molecule. It is 
considered that this may be due to reactions involving the non-sulphur part of the 
substituted thiourea molecules which tends to counterbalance reactions involving 
the sulphur atom. As shown in Fig. 9A this class of sulphur compounds only 
act by a chemisorption mechanism after a critical concentration is exceeded.
At concentrations below this value it is postulated that the molecule decomposes 
producing an anion containing the sulphur atom which then reacts as outlined in 
Class (a).
A sim ilar mechanism to that proposed for the Class (b) compounds
(168)has been put forward by Volke and Fischer to explain a sim ilar concentration 
dependence for the effect of B-naphthoquinoline, acridine, N -ethylquinoline on the 
potential/capacity curves for the hydrogen evolution reaction at a nickel electrode. 
They suggest that the effects at high concentrations are due to a non-ionic 
reaction product of the inhibitor which has high sorption tendencies towards nickel 
because of a free electron pair associated with the nitrogen atom. They 
consider it likely that this form of the inhibitor w ill displace the cationic form, 
which predominates at low concentrations, from the nickel surface. They 
further find that for these same compounds the concentration dependence evident 
during the cathodic evolution of hydrogen appears to be reflected in the cathodic 
deposition and anodic dissolution of nickel. They suggest that this transition is 
due to the action of a cation at low concentrations which is superseded by the 
more powerful electron-donor action of the undissociated molecule at high 
concentrations. Although the structure, and properties etc., of the inhibitors 
used by Volke and Fischer are vastly different from those used in the present 
work, in both cases the mechanisms postulate that an ionic form of the addition 
agent is responsible for the effect at low concentrations. The predominant effect
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at high concentrations is attributed to an undissociated form of the compound 
which has strong chemisorption tendencies due to free electron pairs. In both 
studies it has been shown that the effects produced by changing the concentration of 
addition agent occur during both anodic dissolution and cathodic deposition of 
nickel.
The reactions of the Class (c) compounds are overwhelmingly 
dominated by the reactions and donor tendencies of the non-sulphur part of the 
compound, the sulphur atom, being tied up within the molecular structure of the 
reagent, plays little  or no part in the overall behaviour of the molecule. This 
applies equally to sulphur compounds of this class which dissociate in solution 
and to the polar compounds.
A graphical representation of the proposed classification of the 
sulphur compounds into the three main types on the basis of A E against the
logarithm of the addition agent concentration is shown in Fig. 9D.
(137)Hackerman considers that in inhibition "the type of interaction 
which occurs between a species in solution and a metal surface in contact with 
the solution covers a continuum between the lim its of no chemical interaction, and 
interaction to the extent of compound formation. The bonds lying at the extreme 
of no interaction at a ll w ill have little  or no influence on the electrochemical 
cells, whereas at the other extreme formation of a true chemical bond between 
the solution species and the metal w ill, if anything, accelerate the loss of 
metal”. It is considered that the proposed classification illustrates this spectrum 
of interaction. The compounds of Class (a) react with the metal surface with the 
formation of a true chemical bond whereas compounds of Class (c), where the 
sulphur atom is tied up within the molecule, w ill be at the other extreme and 
there w ill be very little  interaction.
The evidence presented in this thesis is not sufficient to give full 
support to the proposed classification and it is obvious that a great deal of further 
research is necessary in order to substantiate tills hypothesis. However it can 
be seen from the results that there are very strong indications that three essential
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classes of sulphur-containing addition-agents exist with respect to the electron 
bonding and reactivity of the sulphur atom within the molecule. It is thus 
considered that using this proposed classification there is a high probability of 
predicting the effects of various sulphur containing compounds during the anodic 
dissolution or cathodic deposition of nickel. It should also be possible to predict 
the properties of the plate produced e.g . stress, levelling.
Although this classification has been applied specifically to the 
electrochemistry of nickel, it is suggested that sim ilar considerations can be 
applied to other metals. It would be expected that, irrespective of the metal 
concerned, compounds of Classes (a) and (c) w ill exhibit the same type of 
concentration dependence to that shown in Fig. 9D. The reaction of these 
compounds with a metal surface does not depend on the electron configuration of 
the metal, but on the ability of the compound to form a true chemical bond 
(Class (a)) or to have very little  chemical action any effect being governed 
prim arily by the forces of physical adsorption (Class (c)). However it is 
anticipated that compounds of Class (b) w ill only exhibit the concentration 
dependence, characteristic of their action, when the specific conditions for 
chemisorption are fulfilled by a suitable electron configuration of the metal. It 
is thus suggested that in the case of metals which do not have unfilled d-bands 
(or cannot create this condition) the Class (b) compounds w ill exhibit the 
characteristics of those in Class (a) if  the molecule dissociates or decomposes 
to give the sulphur atom in a simple anion e.g . HS , S , . If  the
molecule remains intact or decomposes to give an anion in which the sulphur atom 
is tied up, the Class (b) compounds w ill react in a sim ilar manner to those in 
Class (c). In the latter reactions the electron doner tendencies of the sulphur 
atom w ill not be utilised and any effects of the molecular form w ill be 
predominantly due to physical adsorption, but because of the free electrons of 
the sulphur atom in the case of the undecomposed molecule certain anionic 
tendencies may become apparent.
A further consideration worth noting is that in a ll the processes
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referred to in the present work, the standard conditions ( A  E) have varied.
These range from the relatively weak chloride solutions used during the present 
work to the mixed chloride and sulphate Watts baths used for nickel electro- 
deposition, also a variety of current densities, pH, etc., have been used.
Although the basic conditions have varied, the same overall concentration 
dependence has predominated within the three particular classes of addition agent, 
which again emphasises that the sulphur atom in the respective addition agent 
molecule is the significant factor.
The main feature which has emerged from the present research is 
the importance of the role of the sulphur atom, and its particular electron bonding, 
in electrode processes e.g . acid inhibition, addition-agent action in electroplating 
e tc ..
9 .7 . Thiourea and the <f> scale of Potentials
It is now generally agreed that inhibition in acid solution is caused
by the adsorption of ions and molecules. If adsorption is accepted as being the
firs t step in the process of inhibition in both acid and neutral solutions then the
potential of the metal relative to its zero charge potential should be of importance
in determining whether adsorption and hence inhibition is possible. On this basis
A ntropov^ ^  developed the 0 scale of potentials and showed that if the effect
of an addition agent on the electrocapillarity curves for mercury is determined then
it is possible to estimate adsorption of the same substance on another metal
provided that is  potential on the zero charge scale is known. Using this
relationship as a basis for the selection of inhibitors the behaviour and inhibition
(171 172)efficiency of many organic compounds have been predicted ’ , In spite
of its apparent success with these organic inhibitors the concept of the f  scale of 
potentials fails to account for many of the irregularities reported for the action of
Q73 a
thiourea , Studies of the electrocapillarity of thiourea show that it has
predominantly anionic properties and that thiourea is highly surface active and 
strongly adsorbed at a i  potential as negative as - 0 .5V . However Antropov
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(173e)points out that thiourea displays certain peculiar properties which cannot 
be accounted for by comparing data obtained on mercury and on iron. He further 
shows however that the derivates of thiourea e.g . p - tolylthiourea behave more 
regularly and the relevant experimental data may be interpreted on the basis of the 
$ scale of potentials.
The concept of the </> scale of potentials relies on the following basic
(148)assumptions . "That a relation exists between the inhibitor efficiency of an
organic compound and its adsorption on the surface of a corroding metal, and, that
the adsorption of a given compound can be determined from experiments carried
out with a mercury electrode. The only obligatory condition to be satisfied here
is that the 0 potential of mercury at which the adsorption is estimated should be the
same as the 0 potential of the corroding metal". Thus it is assumed that
inhibitor efficiency can be determined solely on the basis of $ potentials and as
such no account is taken of the electron structure of the molecule or of the
electronic configuration of the metal. Hence no indication is given nor is any
allowance made for deviations due to organo -metallic interaction which may occur
in the corroding metal/inhibitor system, but which are not evident during
(148)electrocapillarity determinations on mercury. According to Antropov the 
application of results determined on mercury electrodes to other metals relies 
on the assumption that the chemical forces of adsorption are not specific and to 
some extent remain the same for a given chemical compound irrespective of the 
nature of the electrode. However the nature of the electrode is of the utmost 
importance in the process of chemisorption, where the mechanism is one of 
electron interaction under conditions specifically defined with respect to the 
electron configuration of the metal electrode and the electron structure of the 
inhibitor molecule i.e . the necessity for unfilled d-bands in the metal and the 
ability of the organic molecule to act as an electron donor. Thus the process of 
chemisorption is specific in the same sense that bond formation in chemical 
reactions is specific and so a given species may chemisorb on one metal but be 
completely indifferent to another. Physical adsorption is, on the other hand,
. t .. <1 3 7 >non specific m this sense
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From the previous results and discussion it has been shown that
thiourea reacts with nickel and other transition metals including iron by a strong
chemisorptive link involving an electron donor/acceptor relationship, necessitating
unfilled d-bands in the metal acceptor. Since mercury has an electron 
10 2configuration of 5d 6s which involves completed d-bands, there is very little  
possibility of a sim ilar chemisorptive link occurring between thiourea and mercury, 
and hence the organo-metallic interaction at a mercury electrode during electro- 
capillary measurements is basically one involving the forces of physical 
adsorption. Thus it is considered that the evaluation of the inhibitor efficiency 
of thiourea using electrocapillarity curves determined on mercury are extremely 
misleading when used to predict the effect of thiourea on iron or other transition 
metals, since the results on mercury only indicate the type of physical interaction 
and give no indication of possible electron donor/acceptor relationships in the 
corroding metal system.
A n t r o p o v c o n s i d e r s  that in spite of the difference in 
d-band structure between iron and mercury it is possible to predict the inhibitor 
behaviour of amines on iron, based on electrocapillarity measurements on mercury. 
He bases this on the fact that pi electron interaction between the metal and the 
organic structure plays an important part in the process of adsorption on mercury
d 7 4  J75\ ( i3 7v
* and also in the process of inhibition of iron . It is suggested that 
an organic molecule which can undergo pi electron interaction with one metal w ill 
have a sim ilar interaction with other metals. Thus the <f> scale w ill apply since
the organo-metallic interaction on mercury w ill be very sim ilar to that with other
(148) (152)metals. Further to this both Antropov and Hackerman have pointed out
that the inhibiting effect of thiourea is much greater than that of any amine. This is
due to the relatively weak link provided by the nitrogen atom in the case of the
amine, compared to the strong electron donor tendencies of the sulphur atom in the
thiourea molecule. This is further illustrated by the different effects produced
on electrodes by urea and thiourea. Both compounds are amides of carbonic
acid but the presence of a sulphur atom in thiourea, with electron donor properties
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accounts for the specific behaviour of this compound. The replacement of the 
sulphur atom with the comparatively unreactive oxygen atom leads to the 
disappearance of the properties peculiar to the sulphur analogue. This effect is 
also found in the thio derivatives of acetamide and semicarbazide. Although a 
sim ilarity between the results of electrocapillarity measurements and inhibitor 
performance on iron may exist in the case of organic compounds which have a 
relatively weak interaction with the iron e .g . the amines* it is postulated that 
with compounds such as thiourea, which are able to form a strong chemisorptive 
link, there is no correlation between electrocapillarity at a mercury electrode and 
the inhibitive properties of the compound with transition metals. It is suggested 
that the effect of thiourea on the electrocapillarity of mercury can be used to 
predict the inhibitor efficiency of this compound, and compounds with sim ilar 
electron structures, on metals having completed d-bands, since there is very 
little  possibility of a strong chemisorptive link. Thus any organo -m etallic 
interaction occurring with metals of this type e .g . zinc, cadmium, w ill be sim ilar 
to that occurring during electrocapillary measurements on mercury.
It is therefore considered that the abnormal behaviour associated with 
thiourea action invalidates the <f> scale of potentials in cases where the compounds 
involved form strong chemisorptive links.
The more predictable behaviour, with respect to the 0 scale of 
potentials, of the substituted thioureas thus appears at firs t sight to be 
inconsistant with this hypothesis. However, in the proposed classification of 
sulphur compounds it was postulated that, in certain thiourea-type compounds, 
reactions involving the non-sulphur part of the molecule could counterbalance 
the electron-donor properties of the sulphur atom. It is considered that the 
more regular effect of the substituted thioureas may be attributed to this effect. 
The more complex the nature of the substituted part of the molecule the less the 
sulphur atom w ill determine the properties of the molecule as a whole, and thus 
the behaviour of the molecule with respect to the f  scale w ill become more 
predictable. Many of the substituted thioureas are inhibitors in acid solutions,
121.
the most important being di-ortho -tolyl-thiourea^ . It is easy to see from
the molecular structure of this compound (Fig. 9E) how the influence of the sulphur 
atom is greatly diminished due to the complexity of the substitution, even though the 
link with the metal surface is almost certainly through the sulphur atom. In the 
relatively simple thiourea molecule the sulphur atom is virtually free to dictate the 
properties of the molecule and the non-sulphur part of the molecule has little  
influence. This is further supported by the fact that simple mercaptans are 
extremely corrosive, but complex substitution to give such compounds as the 
sodium salt of mercaptobenzothiazole reduces the activity of the sulphur atom and 
in fact many of these complex derivatives are used as corrosion inhibitors ^ 8 )^
It is therefore considered that the more predictable behaviour, with 
respect to the 0 scale of potentials, of the substituted thioureas can be explained 
in these term s.
9 .8 . Some Observations on the Action of Thiourea as an Inhibitor
The use of thiourea and its derivatives as inhibitors for the acid
dissolution of metals, particularly steels, is well known. As shown in the
Literature Survey there is some controversy as to the actual mechanism of
thiourea action, and many different opinions have been expressed on this topic.
It is generally accepted that, depending on the concentration present, thiourea
can act as both an accelerator and inhibitor for the dissolution process. Certain
workers have found that thiourea acts as an activator at low concentrations and as
an inhibitor at high concentrations - other workers have obtained the reverse
effects. Some workers consider that thiourea inhibits the anodic reaction whilst
others consider that cathodic inhibition predominates. Several investigators
suggest that thiourea acts as both an anodic and cathodic inhibitor in acids and
can therefore be considered as a general inhibitor.
The stimulating effect of thiourea has often been attributed to the
{45 176 177)
reduction of thiourea at the cathode producing H_S ' ’ which in turn
(148)affects the anodic reaction. It has also been suggested that thiourea is
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unstable in acid solution, the products of decomposition yielding HS or S which 
are known to be highly surface-active species. It has been suggested that both the
Q73 ^
effects of thiourea on the hydrogen reaction and the possibility of
thiourea adsorption at the metal surface are major factors in the inhibitive
properties of thiourea. Attempts have been made to relate the adsorption of
thiourea to the $ scale of potentials, but with very limited success, since many
irregular features have been found^^* a "e\
Even though the cathodic reduction of thiourea may yield highly active
sulphide ions, it has been shown during the present work that small concentrations
of thiourea are quite capable of significantly stimulating the anodic reaction even
when cathodic decomposition products are excluded. The present work has been
confined to the effect of thiourea on the half-reaction involving metal/metal ion
transformations, and no research has been carried out on the cathodic evolution of
hydrogen, which can be the controlling factor in corrosion processes. However
Volke and F is c h e r^ ^  found an identical dependence of addition agent
concentration on the hydrogen reaction on nickel as that observed during the anodic
dissolution and cathodic deposition of nickel, when the addition agent functioned by
a chemisorption mechanism. On this basis it appears that the effects of the
concentration of thiourea on the hydrogen reaction could be explained in sim ilar
terms to that postulated for N i 5 =22: Ni. Further to this B a le z in ^ ^  has r  aq M
shown that thiourea acts as an inhibitor for the corrosion of steel in acid solutions 
and at the same time stimulates the adsorption of hydrogen - on the other hand 
urea acts only as an inhibitor and does not influence the adsorption of hydrogen. 
From the present results and discussion it is considered that urea in its role as 
an inhibitor acts by a process involving physical adsorption, the effectiveness of 
which can be determined using the 0 scale of potentials. Since the oxygen atom 
in the urea does not function readily as an electron donor in co-ordinate bond 
formation, its replacement by the less electronegative sulphur atom gives the thio 
derivative of urea pronounced electron donor tendencies. An identical situation 
exists with the sulphur derivatives of acetamide and semicarbazide. It is thus
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considered that this type of thio compound does not conform to predictions based 
on the <f> scale of potentials in the case of transition metals, but that the 
inhibitive action is due to a strong chemisorptive link with the metal, which in turn 
is determined by the role of the sulphur atom within the molecule. Thus the 
difference in action on the hydrogen reaction between urea and thiourea, as 
reported by B alezin^^a\  indicates that the sulphur atom is a necessary factor in 
this reaction, which in turn indicates a chemisorption process as part of the 
influence of thiourea on the hydrogen reaction.
The phenomenon of inhibition in metallic corrosion has generally been 
confined to studies of the effect of the inhibitor on the corrosion system as a whole, 
without discriminating between the specific effects on the individual half reactions. 
Thus minor alterations in the state of the metal surface due to variation in surface 
finish, heat treatment, metallographic structure, etc., can substantially alter the 
anodic and cathodic areas, and the surface potential, causing large deviations in the 
overall action of the inhibitor, whilst the mechanism of the action of the inhibitor on 
the two individual half reactions remains the same. From the direction of the 
change in potential it is possible to determine whether the inhibitor affects the 
anodic or cathodic half-reaction. Further information on inhibitor action on the 
individual half reactions can be obtained by studies involving cathodic or anodic 
polarisation. It is considered that fu ll information on the mechanism of organic 
inhibitors can only be obtained when the effect of the inhibitor on the direction of 
change of the corrosion potential is determined in conjunction with investigations 
of the effect of the inhibitor on the two individual half-reactions.
Considering the case of thiourea as an inhibitor. At low 
concentrations there are two effects to consider, firstly  the significant stimulation 
of the anodic reaction, and secondly the effect on the hydrogen discharge reaction* 
Coupled with these are the effects of the decomposition products of one half 
reaction influencing the other half reaction.
At low concentrations the overall effect w ill be dependent on the
125.
relative areas of the anode and cathode whereas at high concentration 
indiscriminate chem isorption^^ w ill affect both half reactions and their relative 
areas w ill not be of significance .
CHAPTER 10
126.
CONCLUSIONS
Several conclusions have been reached during the present studies.
These may be summarised as follows
1. The rise in potential of an anodically polarised nickel electrode during 
agitation in a weak chloride (0.01M) electrolyte is due to the replacement of the 
chloride ions in the double layer by hydroxyl ions. The potential oscillations 
during agitation indicate that there is competition between these ions for possession 
of active sites on the metal surface. The absence of a potential rise and potential 
oscillations on agitation of the high chloride (1M) solutions indicates that the 
concentration of chloride ions at the metal solution interface is the controlling 
factor. The absence of the potential jump during agitation, reported by Maurer
is considered to be due to different pretreatments of the nickel prior to 
polarisation and to the less sensitive apparatus used for potential measurements.
2. The effect of thiourea (also thioacetamide and thiosemicarbazide) on the 
anodic polarisation of nickel in chloride solutions is decidedly concentration 
dependent. At low concentrations of these compounds the activation overpotential 
for nickel dissolution decreases with increase in concentration of the compound 
up to a critical value when the activation overpotential then increases.
The activating effect at low concentrationsis attributed to the decomposition 
of the thio compound to give a sulphur containing anion e.g . HS , S which is 
responsible for the activating effect. On the other hand the inhibiting effect at 
high concentrations is attributed to the chemisorption of the intact molecules of 
thio compounds resulting in a blocking effect.
3. With the aid of electron microscopy it has been shown that small 
concentrations of the thio compounds can substantially alter the form of surface 
attack, although this is not apparent from polarisation studies. It is considered 
that the angular pitting attack in thiourea solutions containing dissolved oxygen
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is due to the combined action of the chloride ion and thiourea decomposition 
products. The pits are initiated by the chloride ion but subsequent pit growth 
is controlled by the action of thiourea.
4. The effect of thio compound concentration on the anodic dissolution of nickel 
has been compared to published data on the effect of these agents on various aspects 
of nickel electrodeposition e.g . overpotential, stress, levelling, e tc .. From the 
marked sim ilarity in the dependence of these electrode properties on the concentration 
of these thio compounds it is considered that sim ilar mechanisms exist. This 
involves the breakdown of the thio molecule at low concentrations giving a deviation 
from the standard conditions which increases with concentration of the thio 
compound. This effect is reversed at high concentrations due to the adsorption of 
undecomposed molecules of the thio compounds,
5. From published data a comparison has been made between the effects of 
several sulphur-containing compounds on various electrode properties. From this 
comparison it is concluded that sulphur compounds may be classified into three 
basic groups governed by the electron bonding of the sulphur atom within the 
molecule.
It is considered that this classification may be used to predict the effects of 
sulphur containing addition agents during the anodic dissolution or cathodic 
deposition of metals. It should also be possible to predict the properties of the 
plate produced e.g . stress, levelling, etc ..
6. Some observations have been made on the usefullness of the 0 scale of 
potentials for predicting the behaviour of thiourea as a pickling inhibitor. It is 
concluded that the reported unpredictable behaviour of thiourea invalidates the 
use of the 0 scale of potentials in cases where the compounds involved may form  
strong chemisorptive links with corroding metal surfaces.
7. Previous workers have explained the activating effect of thiourea at certain 
concentrations, when used as an inhibitor of acid dissolution, in terms of the 
decomposition of thiourea at the cathode to give H„S which subsequently effects 
the anodic dissolution reaction. It has been shown that small concentrations of
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thiourea are quite capable of stimulating the anodic dissolution reaction even 
when cathodic decomposition products are excluded. It is considered that the 
overall effect at low concentrations of thiourea is dependent on the relative 
anodic and cathodic areas, whereas at high concentrations indiscriminate 
chemisorption effects both half reactions and their relative areas are not 
significant.
8. It is considered that fu ller information on the mechanism of organic 
inhibitors can only be obtained when the effect of the inhibitor on the corrosion 
potential is determined in conjunction with investigations of the effect of the inhibitor 
on the two individual half-reactions.
9. The most significant feature to emerge from this work is the importance of
the electron bonding of the sulphur atom in affecting electrode processes e.g . 
addition agent action in electroplating, acid inhibition etc. This is particularly 
emphasised in the thiourea type of compound (Class (b)) where replacement of the 
sulphur atom in the organic compound eliminates die characteristic properties of 
the sulphur analogue. Further to this, complex substitution in the non-sulphur 
part of the molecule may appreciably reduce the influence of the sulphur atom 
giving the substituted molecule a more predictable behaviour.
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